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Preface

This documentdescribesversion2.2 of the Field EncapsulationLibrary (FEL), a li-
braryof meshandfield classes.FEL is a library for programmers— it is a “building
block” enablingtherapiddevelopmentof applicationsby auser. SinceFEL is a library
intendedfor codedevelopment,it is essentialthatenoughtechnicaldetailbeprovided
sothatonecanmakefull useof thecode.Providing suchdetailrequiressomeassump-
tionswith respectto thereader’s familiarity with thelibrary implementationlanguage,
C++,particularlyC++with templates.Wehavedoneourbestto maketheexplanations
accessibleto thosewho maynot becompletelyC++ literate.Nevertheless,familiarity
with thelanguagewill certainlyhelpone’sunderstandingof how andwhy thingswork
theway they do. Oneconsolationis that thelevel of understandingessentialfor using
thelibrary is significantlylessthanthelevel thatoneshouldhave in orderto modify or
extendthelibrary.

OnemoreremarkonC++ templates:Templateshavebeenasourceof bothjoy and
frustrationfor us.Thefrustrationstemsfrom thelackof matureor completeimplemen-
tationsthatonehasto work with. Templateproblemsreartheir ugly headparticularly
whenporting.WhenportingC code,successfullycompilingto asetof objectfiles typ-
ically meansthatoneis almostdone.With templatedC++ andthecurrentstateof the
compilersandlinkers,generatingtheobjectfiles is oftenonly thebeginningof thefun.
On the otherhand,templatesarequite powerful. Usedjudiciously, templatesenable
moresuccinctdesignsandmoreefficient code.Templatesalsohelpwith codemainte-
nance.Designerscanavoid creatingobjectsthatarethesamein many respects,but not
exactly thesame.For example,FEL fieldsaretemplatedby nodetype, thusthecode
for scalarfieldsandvectorfields is shared.Furthermore,nodetypetemplatingallows
the library userto instantiatefieldswith datatypesnot providedby the FEL authors.
This typeof flexibility would bedifficult to offer without thesupportof thelanguage.

For userswho may be having template-relatedproblems,we offer the consola-
tion thatsupportfor C++ templatesis destinedto improve with time. Efforts suchas
the StandardTemplateLibrary (STL) will inevitably drive vendorsto provide more
thorough,optimizedtools for templatecodedevelopment.Furthermore,the benefits
will becomeharderto resistfor thosewho currentlysubscribeto the least-common-
denominator“codeit all in C” strategy.

May FEL bringyou bothincreasedproductivity andaestheticsatisfaction.
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Chapter 1

Intr oduction

TheField EncapsulationLibrary (FEL) is a library for representingfieldsandmeshes.
The fields may representthe resultsfrom simulationsor experimentalobservations.
Themaingoalsof FEL areto provide:� a horizontalproductsupportingthequickdevelopmentof new applications� anextensibleframework supportinga varietyof meshandfield types� a high-performancemesh-independentinterface� a library supportingwork with largedatasets

“Horizontalproducts”arereusablelibrariesthatmakethedevelopmentof “vertical
products”— applications— easier. FEL is a setof C++ classesdesignedto support
not just the field andmeshtypesthat arecurrently implemented,but alsonew mesh
andfield typesin the future. A key part of the designis the developmentof a mesh-
independentinterface,i.e.,aninterfacethatallowsusersto write asinglealgorithmthat
will work with avarietyof meshandfield types.Thegoalis to beableto introducenew
typesin thefutureandreusealgorithmswritten in termsof theFEL interfacewithout
modification.Finally, therearea numberof featuresin FEL thataredesignedto make
workingwith largedatasetsfeasiblefor moreusers.

To developanapplicationusingFEL, you shouldnot find it necessaryto readthis
entiredocument.The FEL releaseincludesa primer which providesan overview of
many featuresof FEL alongwith sampleprograms.Theprimershouldappealto those
whopreferto “divein” andlearnby writing actualapplications.Ontheotherhand,the
primer, in thenameof brevity, focuseson library essentials.To geta morecomplete
view of thefeaturesanddesignphilosophyof FEL, youareencouragedto readon.

To convey theflavor of programmingwith FEL, wewill now walk througha small
example.

11



12 CHAPTER1. INTRODUCTION

1.1 An FEL example

Thefollowing programreadsin a meshandfield, thenfinds thecell with thegreatest
pressuregradientmagnitudeat its centroid:

#include "FEL.h"
int main(int argc, char* argv[])
{

unsigned flags = FEL_deduce_mesh_type(argv[1]);
FEL_mesh_ptr mesh = FEL_read_mesh(argv[1], flags);
FEL_plot3d_q_field_ptr q_field =

FEL_read_q(mesh, argv[2], flags);

FEL_float_field_ptr p_field =
FEL_plot3d_make_pressure_field(q_fie ld);

FEL_vector3f_field_ptr grad_p_field =
new FEL_gradient_of_float_field1(p_field) ;

FEL_float_field_ptr mag_grad_p_field =
new FEL_magnitude_of_vector3f_field(grad_ p_fiel d);

mag_grad_p_field->set(FEL_SIMPLIC IAL_D ECOMPOSITIO N, 0);
mag_grad_p_field->set(FEL_INTERPO LATION,

FEL_ISOPARAMETRIC_INTERPOLATION);
int res;
float field_value, max_value = 0.0;
FEL_vector3f coords[8];
FEL_phys_pos centroid;
FEL_cell max_cell;
FEL_cell_iter iter;
for (mag_grad_p_field->begin(&iter); !iter.done(); ++iter) {

mesh->coordinates_at_cell(*iter, coords);
centroid.set(0.0, 0.0, 0.0);
for (int i = 0; i < (*iter).get_n_nodes(); i++)

centroid += coords[i];
centroid /= (*iter).get_n_nodes();
res = mag_grad_p_field->at_phys_pos(centr oid, &field_value);
if (res != FEL_OK) continue;
cout << "Pressure gradient magnitude at " << *iter

<< " is " << field_value << endl;
if (field_value > max_value) {

max_value = field_value;
max_cell = *iter;

}
}
cout << "Maximum of " << max_value << " in " << max_cell << endl;
return 0;

}
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The exampledemonstratesseveral key featuresof FEL. The first is meshinden-
pendence— thesameprogramworksfor fieldsbasedon a structured,unstructured,or
multi-zonemesh.Themeshindependenceis achievedvia FEL iteratorsandfile read-
ing functionsthat constructmeshesandfieldsof theappropriatetype. The particular
iteratorusedin theexample,a cell iterator, loopsover the (hexahedralor tetrahedral)
cells in a mesh. Using eachcell, onecaneasilyaccessmeshandfield values. The
examplealsoillustrateshow FEL makesit easyfor theuserto composenew fields in
termsof existingones.Thefield datain theexampleis known “solutiondata,” in other
words,dataproducedby a flow solver. Startingwith a solutiondatafield (q field ),
onecanconstructa pressurefield, agradientfield andagradientmagnitudefield, each
in onestatement.Theprogramalsoshowshow onecanaccessfield valuesat arbitrary
positionsusingjust onefunctioncall (at phys pos ).

Thereare many other capabilitiesbeyond thoseshown in the example,suchas
supportfor time-varying fields andtransformedfields. Ratherthan inventoryall the
capabilitiesof FEL here,theremainderof this sectionwalksthroughthefirst example
andmentionsthechaptersin this documentin which to look for moreinformation.

unsigned flags = FEL_deduce_mesh_type(argv[1]);
FEL_mesh_ptr mesh = FEL_read_mesh(argv[1], flags);
FEL_plot3d_q_field_ptr q_field =

FEL_read_q(mesh, argv[2], flags);

Thefirst four linesreadin meshandfield datafrom thefiles namedby argv[1]
and argv[2] . The programfirst usesthe meshtype deducerfunction to deduce
flags indicatingtheparticularfile type(Chapter22). FEL currentlysupportsreading
PLOT3D files and“Enterprise”pagedfiles. Meshandfield objectsbasedon paged
files do not loadthewholedatasetinto memory, but insteadwork in a demand-driven
stylewhereonly subsetsof thedataareloadedasneeded(Chapter23). Theusercan
alsoreadin datafrom a file in someotherformatandthenconstructmeshesor fields
directly. (Chapters12,18).

Fieldsandmeshesin FEL arereferencecounted. The FEL type nameswith the
ptr suffix areall “smartpointers”thatreferto referencecountedobjects(Chapter7).

For the mostpart, the pointersbehave just like C-stylepointers. FEL alsousesC++
templates,which supportparameterizedtypes.For instance,fieldsin FEL areparame-
terizedby theirnodetype(Chapter17). FEL usestypedefsto hidemany of thecommon
templateinstantiations,so thatmostFEL programscanbewritten without ever using
templatesyntaxdirectly (Chapter2).

FEL_float_field_ptr p_field =
FEL_plot3d_make_pressure_field(q_ field) ;

FEL_vector3f_field_ptr grad_p_field =
new FEL_gradient_of_float_field1(p_field );

FEL_float_field_ptr mag_grad_p_field =
new FEL_magnitude_of_vector3f_field(grad _p_fi eld);
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Herewe createthreederivedfields from the fundamentalsolutiondata. The first
field usesa built-in function to convert PLOT3D solutionvectorsto pressurevalues
(Chapter24). Thesecondfield appliesa differentialoperator(“grad”) to thepressure
field, producinga vectorfield from a scalarfield (Chapter20). The third field takes
the norm of the gradientfield, yielding a scalarfield (Chapter19). This progression
illustrateshow FEL allowsnew fieldsto bedefinedin termsof preexistingones.

The derived and differential operatorfields requirealmostno storage,sinceall
valuesarecomputedon demand.This demand-drivenor “lazy” evaluationapproach
providesa significantadvantagewhenworking with largedatasets,sincethememory
andcomputationalrequirementsof precomputinga derived valueover a whole field
canbeprohibitive.

mag_grad_p_field->set(FEL_SIMPLIC IAL_D ECOMPOSITIO N,0);
mag_grad_p_field->set(FEL_INTERPO LATION,

FEL_ISOPARAMETRIC_INTERPOLATION);

Thesedirectivestell FEL how to conductsomeof its numericalbusiness(Chap-
ters9, 11). FEL supportsseveral spatialinterpolationmodes(Chapter9). The sim-
plicial decompositionflag controlswhetherFEL decomposeseachmeshcell into sim-
plices(e.g.,eachhexahedroninto tetrahedra)for cell-basedoperationssuchasinterpo-
lation (Chapter11).

int res;
float field_value, max_value = 0.0;
FEL_vector3f coords[8];
FEL_cell max_cell;

In additionto meshesandfields,FEL providesanumberof fundamentaldatatypes,
suchasvectors(Chapter3), positionalclasses(Chapter6), andcells(Chapter5). One
canalsodeclarearraysthesetypes.For instance,thecoords arrayabovecanbeused
to storethecoordinatesfor eachvertex of a cell.

FEL_cell_iter iter;
for (mag_grad_p_field->begin(&iter); !iter.done(); ++iter) {

FEL supportsa mesh-independentway to loop over thecellsof a mesh:iterators.
Usinganiterator, onecanwrite algorithmsthatwork with fieldsbasedon a varietyof
meshtypes,without having to provide conditionalstatementsthataretype-dependent
(Chapter16).

mesh->coordinates_at_cell(*iter, coords);
centroid.set(0.0, 0.0, 0.0);
for (int i = 0; i < (*iter).get_n_nodes(); i++)

centroid += coords[i];
centroid /= (*iter).get_n_nodes();
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A fundamentaloperationin FEL is queryinga meshfor geometricinformation,in
this casethecoordinatesof thecell currentlyrepresentedby the iterator. Thecoor-
dinates at cell call returnscoordinatesfor eachvertex of thecell (Chapter11).
Thecell, in turn, is queriedfor its numberof nodesin orderto calculatethecentroid.

res = mag_grad_p_field->at_phys_pos(cent roid, &field_value);
if (res != FEL_OK) continue;
cout << "Pressure gradient magnitude at " << *iter

<< " is " << field_value << endl;
if (field_value > max_value) {

max_value = field_value;
max_cell = *iter;

}
}
cout << "Maximum of " << max_value << " in " << max_cell << endl;

}

Onekey groupof memberfunctionsonFEL fieldsarethe“at ” calls,whichsupport
requestsfor field values.Sometypesof at callsmerelyretrievefield valuesat nodes,
while others,suchasat phys pos supportfield valuequeriesat arbitraryphysical
positions.To complywith theat phys pos call in theexample,FEL mustfind the
meshcell containing(centroid ) andthenusethegeometryof thecell andthefield
valuesat its verticesto interpolateandget the field value at centroid . FEL
providesalternateversionsof at phys pos (via functionoverloading)wheretheuser
canprovide extra argumentsintendedto acceleratethepoint location(Chapter11) or
interpolation(Chapter17)steps.

Theat call returns1 to signify success.It ispossiblethattheat call in theexample
could fail in somecases.For instance,if the cell containingcentroid wereat the
boundaryof the meshand had nonplanarfaces,then the point location codemight
concludethat the givenpoint is outsidethe mesh. In general,it is importantthat the
usercheckthe returnvalueof theat calls in orderto beassuredthat thefield values
producedby thecall arevalid.

This exampleis representativeof thesortsof thingsonecando with FEL. There-
mainderof thisdocumentprovidesfurtherdetails,options,examples,andpossibilities.
The accompanying FEL ReferenceManual providesa list of the FEL classesanda
summaryof thepublic memberfunctionsfor eachclass.

1.2 A graphic example

FEL per sedoesnot do graphics,but someof the first applicationswritten with FEL
do. Graphicsarefun, sowe includeonefigureillustratingtheoutputof a visualization
tool calledgel , which waswritten with FEL. Figure1.1 is just a small tasteof what
onecando with FEL; therewill bemorepicturesto follow.
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Figure 1.1: A spaceshuttlelaunchvehiclevisualization: the left side of the model
displaysedgesfrom themesh,theright sideshowscontourlinesfor apressurederived
field. (Databy PieterBuning,visualizationcourtesyof Tim Sandstrom.)



1.3. FEL1AND FEL2 17

1.3 FEL1 and FEL2

An initial versionof theField EncapsulationLibrary wasfirst presentedat Visualiza-
tion ’96 [BKGY96]. Thelibrary describedin this documentrepresentsa fundamental
redesignandcompleterewrite of “FEL1”. Someof thefeaturesthatarenew to the2.0
releaseof FEL include:� derivedfields,with demand-drivenevaluation� built-in support for the over 50 standard derived fields defined by

PLOT3D [WBPE92]� differentialoperators,employing eitherfirst- or second-ordertechniques,also
with demand-drivenevaluation� transformedmeshesandfields� iterators� supportfor arbitraryfield nodetype,basedon C++ templates� aninterfacesupportingtheeasycompositionof fields� muchbetteropportunitiesfor codereusein thedevelopmentof new classes� supportfor avarietyof cell types� multiple,user-selectablespatialinterpolationmodes� multiple,user-selectablesimplicial decompositionmodes� working setmanagementof time-seriesdata� temporalinterpolation� significantly improved memorymanagement,including referencecountingfor
meshes,fields,andinterpolants� supportfor moremeshtypes,includingregularandunstructured� supportfor surfacemeshes� additional file reading capabilities, including support for reading PLOT3D
“FORTRAN unformatted”fileson eithera workstationor Cray� supportfor thereuseof theinterpolationdataassociatedwith a cell� integratedsupportfor pagedmeshesandfields
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Chapter 2

Templatesand Typedefs

FEL makessignificantuseof two C++ features–templatesandtypedefs–inorderto in-
creasetheflexibility andpowerof thelibrary withoutdecreasingeaseof use.Typedefs
areavailablein C, thusthey arelikely to befamiliar to many users.Templates,on the
otherhand,arenew with C++ andareprobablylessfamiliar to most. In FEL thetwo
featuresareusedtogetherin orderto make it easyfor the userto reapthebenefitsof
templateswithouthaving to learntemplatesyntax.

2.1 Templates

Templatesare a featureof C++ allowing one to implementalgorithmsand classes
wherethe specificationof particulartypesis deferred. For instance,onecould have
a linked list of objectswherethe object type is specifiedby a token “T”. The user
canthendeclarethatheor shewantsa list of objectsof a particulartype,for instance
float , by usingthe templatesyntax: list<float> . Informally, onecanimagine
thecompilerandlinker working togetherto generatethecoderequiredby a particular
instantiation,suchasa list of float s,by outputingcustomizedsourcewith theglobal
substitutionfloat for T, andthencompilingthedynamicallygeneratedsource.How
andwhentemplatecodeis actuallyinstantiatedvariesfrom systemto system.Theuser
experiencesthesedifferencesasvariationsin how programsarecompiledandlinked,
but thevariationsdo not changethestylein whichonewritesapplicationsusingFEL.

The most prominent use of templates in FEL is in the node type T of
FEL typed field<T> . Templatesallow the library to use one commonset of
classesfor representingfields,regardlessof field nodetype. Therearetwo majorben-
efits of the templatednodeapproach.The first benefithasimplicationsprimarily for
theuser. Theuseof templatednodesmeansthatonecancreatefieldswith nodetypes
whicharenotbuilt into thelibrary, withoutmodifying thelibrary. For instance,acom-
putationalscientistcouldcreateascalarfield whereeachscalaris representedby adou-
ble by writing FEL core field<double> . (TheclassFEL core field<T> is
describedin Chapter18). Thecompilerandlinkerautomaticallyhandlegeneratingthe
appropriatecode. Onecouldalsoinstantiatefieldswherethenodetype is a structure
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containingan aggregationof values,suchasthe solutionvectorusedby a particular
solver.

A secondbenefitof thetemplateapproachimpactsthedevelopersof FEL moredi-
rectly thantheusers.Thetemplatedfield nodetypeallowstheconsolidationof classes,
suchasthosefor scalarfields andvectorfields, which wereformerly separate.This
consolidationhasmany positive benefits:templatedfields meanthat thereis lessli-
brarycodeto maintain,andbug fixesin thefield classesdo not have to bepropagated
to fieldsof eachnodetypevariation.

2.2 Typedefs

Typedefs(providedby bothC andC++)allow oneto defineconvenientnamesfor what
are typically more complicatedtypes. In FEL, typedefsare usedprimarily to hide
templatesyntaxfrom theusers.For example,thestatement:

typedef FEL_typed_field<float> FEL_float_field;

makes it possible to write FEL float field where one would have to write
FEL typed field<float> without thetypedef.Furthertypedefsareprovidedfor
working with FEL typed field<float> instances.For example,thestatement:

typedef FEL_pointer<FEL_typed_field<float> >
FEL_float_field_ptr;

makesit easyto declarea pointerto a float field (FEL float field ptr ) without
using the moreverbosetemplatesyntax. FEL provides typedefnamesfor the most
commonlyusedtemplateinstantiations;in particular, the typesrelatedto float fields
andvectorfields (wherethe vectorsarecomposedof 3 floats)areincludedin the li-
brary. For many applications,onecanuseFEL withouteverusingtemplatesyntax.For
moreadvancedusers,theoptionof goingto templatenotationis alwaysavailable.For
example,to instantiatea field with a new nodetypewould requireusingat leastsome
templatenotation.

The typedefnamesbuilt into FEL aredescribedin the following chapters,intro-
ducedwith thetemplatedclassesfor which they arewritten.



Chapter 3

Vector and Matrix Classes

FEL providesbasicvectorandmatrix supportfor the user. The supportis primarily
for small vectors(2, 3, or 4 components)andsmall, squarematrices.Thevectorand
matrixclassesarewrittenusingC++ templates,andtypedefsareprovidedfor themost
commonlyusedinstantiations.

3.1 The vector classes

The vectorclassesareasfollows andare listed in Table3.1. FEL providesspecific
classesfor vectorsof length2, 3, or 4, ratherthanusingthe arbritrary lengthvector
classFEL vector<N,T> , for efficiency reasons.

The vectorclasstypedefsbuilt-in to FEL arelisted in Table3.2. The convention
for typedefnamesis to appendtheoriginal templatedclassnameby thevectorlength,
if not alreadyprovided,anda letterspecifyingthecomponenttype. Thesuffixesused
in FEL are i , f , andd, correspondingto the C types int , float , anddouble ,
respectively.

FEL providesmostof thebasicmathoperatorsfor thevectorclasses,sofor exam-
ple,onecanwrite statementssuchas:

float f;
FEL_vector3f a, b;
FEL_vector3f c(1.0, 2.0, 3.0), d(13.0, 17.3, 21.1);

Class Description

FEL vector2<T> vectorof 2 typeT components
FEL vector3<T> vectorof 3 typeT components
FEL vector4<T> vectorof 4 typeT components

FEL vector<N,T> vectorof N typeT components

Table3.1: Thebasicvectorclasstemplates.
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Typedef TemplateClass ComponentType

FEL vector2i FEL vector2<T> int
FEL vector2f FEL vector2<T> float
FEL vector2d FEL vector2<T> double
FEL vector3i FEL vector3<T> int
FEL vector3f FEL vector3<T> float
FEL vector3d FEL vector3<T> double
FEL vector4i FEL vector4<T> int
FEL vector4f FEL vector4<T> float
FEL vector4d FEL vector4<T> double

Table3.2: Thevectortypedefs.

a = 3 * c + d;
b = a + c - d;
f = a[0];
b[0] = 10.0;
b.set(10.0, 20.0 30.0);

cout << "a = " << a << endl;

The final statementshows the useof the C++ style outputstreamoperatorwhich
canbehandyfor writing out thecontentsof vectors,for examplefor debugging. See
thefile FEL vector.h for a completelisting of theoperationssupportedfor vector
objects.

3.1.1 FEL vectorsasargumentsto other libraries

Occasionally, onemaywishto useFEL vectorvaluesasargumentsto routinesprovided
by other libraries. For example,one may want to make calls to OpenGLgraphics
library routinestaking vectorarguments,without having to repackagethe datainto a
differentstructure.TheFEL vectormethodv() returnsa pointerwhich canbeused
with routinesrequiringaC-stylepointerto thebeginningof anarray. For instance:

FEL_vector3f v3f(1.0, 2.0, 3.0);
FEL_vector3d v3d(4.0, 5.0, 6.0);
glVertex3fv(v3f.v());
glVertex3dv(v3d.v());

The v() methodis definedin FEL vector.h andshouldbe easily inlined by
mostcompilers.

3.2 The matrix classes

FEL providestypedefsfor theinstantiationsfor floatanddoubleversionsof the �����
matrices,where � is 2, 3, 4, 5, 6, or 8. Thesuffix conventionfollows alongthesame
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Class Description

FEL matrix22<T> 2 by 2 matrix of typeT components
FEL matrix33<T> 3 by 3 matrix of typeT components
FEL matrix44<T> 4 by 4 matrix of typeT components
FEL matrix55<T> 5 by 5 matrix of typeT components
FEL matrix66<T> 6 by 6 matrix of typeT components
FEL matrix88<T> 8 by 8 matrix of typeT components

Table3.3: Thematrix templates.

linesasthatusedfor vectors.For instance,FEL matrix33f signifiesa3 by 3 matrix
with float components.Internally matricesare storedin row-major order, i.e., “C”
styleratherthanFORTRAN style.FEL providesthebasicmathoperatorsfor matrices
and for matriceswith vectors,suchasmultiplication. The library alsoprovidesthe
functionFEL invert for invertingmatrices.The inversioncodeis written usingan
analyticaltechniquefor FEL matrix22<T> andFEL matrix33<T> . For larger
matricesthe library usesGauss-Jordaneliminationwith partial pivoting. Seethe file
FEL matrix.h for acompletelisting of theoperationssupportedfor matrix objects.
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Chapter 4

The FEL time Class

FEL representstime using the classFEL time . A classis usedto representtime,
ratherthansimply a C float or int, becausethereis morethanonetime representation
in which asuermaywantto work. FEL time supports3 representations:� physical� computational� integercomputational

Physicaltime correspondsto the non-dimensionaltime usedby the flow solver in an
unsteadyflow simulation. Computationaltime correspondsto a temporaldiscretiza-
tion, wherea time-varying dataset is representedasa sequenceof time steps. The
first time stepwould beat computationaltime 0, thesecondat 1, andsoon. Theuser
canrequestdataat a computationaltime intermediateto thetime stepsby providing a
valuewith a fractionalpart; e.g.,computationaltime 0.5 to getdatatemporallyinter-
polatedhalf way betweenthefirst andsecondtime steps.Integercomputationaltime,
alsoknown as“time step”, specifiesa specificstepin a time-seriesdataset,without
temporalinterpolation.

FEL time containsatagindicatingtherepresentationcurrentlyin useandaunion
of anint andafloatwherethetimeitself is stored.By default thetimerepresentationis
FEL TIME REPRESENTATIONUNDEFINED. Theusercansettimeusingcallssuch
asset physical . SeeFEL time.h for the list of set * andget * calls. In
mostapplications,onewill typically work with onerepresentationfor time. Physical
time providesa representationthat is independentof how a flow solver choseto save
snapshotsthroughtime, e.g., whetherthe datawere written out at a fixed physical
time interval or at adaptive intervals. Working in termsof time stepsmakesit easy
for the user to accessthe data in a time serieswithout regard to how the dataare
positionedin physicaltime,e.g.,to computestatisticsoverall thetimesteps.Floating-
point computationaltime supportsthe addedflexibility of expressingtimesrequiring
temporalinterpolation.
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4.1 Multiple time representations:A caveat

In applicationswhereoneworkswith bothphysicalandcomputationaltimesimultane-
ously, thereis a caveat.TheclassFEL time definestheoperator==, i.e.,anequality
test. Whenobjectscontainingtime, suchasphysicalpositionsandvertex positions
(describedin the following chapters),arecomparedfor equality, they comparetheir
respective time values. Given a physicaltime valueanda computationaltime value,
an FEL time objectwould have to convert onerepresentationto the other in order
to comparelike representations.Unfortunately, FEL time objectsdo not containthe
informationnecessaryto mapbetweenphysicalandcomputationaltime. In generalthe
choiceof whichmappingto useis ambiguous,sincetherecouldbemany time-varying
fields, andthey may not all usethe samemapping. FEL time operator== returns
false if it cannotcomparethetimes.

Mixing time representationsin theargumentsto FEL callsshouldnot causeprob-
lemsinternalto FEL, to thebestof our knowledge. Mixing time representionswhen
doing at phys pos calls may causesomeminor inefficiencies,though it should
not causethe library to return incorrectanswers. This caseis revisited later when
we describethe useof at phys pos (Chapter17). The time mixing caveatshould
only be of concernto the userif he or sheusesthe == operatorwith the positional
classesdescribedin the next chapter: FEL vertex cell , FEL phys pos and
FEL structured pos .

Thereis no easysolutionto the“got onerepresentation,needanother, don’t know
how to convert” problem.Thelibrary couldchooseonetime formatto usethroughout
the applicationprogrammer’s interface,but no matterwhat the choice,therewill be
caseswheretheselectedformatis awkwardfor theuser. Physicaltimeis ahigher-level
representation,but it is not convenientwhenonewantsto loopover timesteps.On the
otherhand,someapplicationswould like to treatan unsteadydatasetascontinuous
in time andarenot interestedin how thesampleswerechosen,thusphysicaltime is a
betterchoicethancomputational(or time steps).The FEL designoptsfor flexibility
andease-of-use,at therisk of unexpectedbehavior in someobscurecases.



Chapter 5

The FEL cell Class

TheFEL cell classdefinesa generalpurposeobjectfor representingcells,thebasic
discretizationbuilding block for computationaldomains.FEL usesa generalcell def-
inition, wherecell typesincludevertices,edges,triangles,quadrilaterals,tetrahedra,
andhexahedra.Cellsareused,for example,for point location: givena physicalpoint
andahexahedralmesh,thelibrary canreturnacell containingthepoint. Thecell types
whichcanberepresentedby FEL cell arelistedin Table5.1.

Cells may be grouped by their dimension and referred to as � -cells or � -
dimensionalcells.Everycell typehasanassociateddimension,theDimensioncolumn
of Table5.1 lists thedimensionfor eachcell typesupportedby FEL. Writing in terms
of � -cells is moreconvenientin somecases,for instance,onecanspeakof the pri-
marycellsof a surfacebeing2-cells,without having to distinguishbetweentriangles,
quadrilaterals,or someothertypeof polygon.

An importantconceptrelatedto cells is faces.A cell � in a mesh 	 is the face
of anothercell 
 in 	 if � is definedby a subsetof theverticesdefining 
 . Themost
commonuseof thetermfaceis with hexahedralandtetrahedralcells:ahexahedronhas
quadrilateralfaces,anda tetrahedronhastrianglefaces.But thetermis moregeneral:
hexahedraand tetrahedraalso have edgeand vertex faces,even an edgehasvertex
faces. The topic of cells, faces,and incidencerelationshipswill be revisited in the
meshchapter(Chapter11).

Cell Type Letter Dimension Vertices
FEL CELL VERTEX V 0 1
FEL CELL EDGE E 1 2
FEL CELL TRIANGLE F 2 3
FEL CELL QUADRILATERAL Q 2 4
FEL CELL TETRAHEDRON T 3 4
FEL CELL HEXAHEDRON H 3 8

Table5.1: TheFEL cell types.
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Name Type Default
type FEL cell type enum FEL CELL UNDEFINED
subid short -1
ijk FEL vector3i (none)
zone int FEL ZONEUNDEFINED
time FEL time FEL time()

Table5.2: TheFEL cell datamembers.

5.1 The cell data members

The 5 datamembersof an FEL cell objectarelisted in Table5.2. The type speci-
fiesoneof thetypeslisted in Table5.1,or FEL CELL UNDEFINED. Thezonewould
specifya zonein a multi-zonemesh. Time is usedwhenworking with time-varying
data. The ijk andsubiddatamembersareusedto specifya particularcell of a given
type. The particularusageof ijk andsubidfor eachtype of cell dependson whether
themeshis structuredor unstructured.SeeChapters12 and13.

5.2 The FEL vertex cell class

An FEL vertex cell objectrepresentsavertex in amesh.Theclassis derivedfrom
FEL cell andcanbeusedasanargumentto any routineexpectinganFEL cell ar-
gument. The FEL vertex cell classexists in order to make the developmentof
algorithmswritten in termsof meshverticesabit easier. Theclassprovidestheoppor-
tunity to getsomecompile-timecheckingof routineswhich work only with vertices;
andFEL providesroutinesfor vertex cellswhich have someslight optimizationsover
thegeneralcell routines.



Chapter 6

Positional Classes

The position of an individual point in space can be representedby an
FEL vertex cell , FEL phys pos ,or FEL structured pos object, seeTa-
ble6.1.All threeclassesalsocontainarepresentationfor time,sotheobjectsin general
canrepresentapositionin spaceandtime.

6.1 FEL vertex cell

TheFEL vertex cell classis usedfor specifyingan individual vertex in a mesh.
FEL vertex cell is derivedfrom theclassFEL cell andinheritsmostof its func-
tionality from thecell class.FEL cell andFEL vertex cell aredescribedin the
previouschapter.

6.2 FEL phys pos

An FEL phys pos objectrepresentsa positionin physicalspaceandtime. Onecan
requestfield valuesat a physicalpositionusingstatementssuchas:

int res;
float f;
FEL_phys_pos p(1.2f, 3.3f, 0.0f);
res = float_field->at_phys_pos(p, &f);
if (res == 1)

cout << "the field at " << p << " is " << f << endl;

Class DerivedFrom
FEL vertex cell FEL cell
FEL phys pos FEL vector3f
FEL structured pos FEL vector3f

Table6.1: TheFEL positionalclassesandtheirparentclasses.
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SinceFEL phys pos is derivedfrom FEL vector3f , FEL phys pos canbe
usedaswith routinesexpectingan FEL vector3f argument;the time component
of the FEL phys pos is ignored. For example,to get the physicalcoordinatesat a
vertex, onecouldwrite:

mesh->coordinates_at_vertex_cell( verte x_cel l, &phys_pos);

One can also useFEL phys pos objectswith the mathematicaloperators+= and
-= , wheretheright-hand-sideargumentis of typeFEL vector3f . For instance,one
couldaddto thespatialcoordinatesof a physicalpositionby writing:

FEL_phys_pos p(10.0f, 11.0f, 12.0f);
cout << "before: " << p << endl;
p += FEL_vector3f(1.1f, 2.2f, 3.3f);
cout << "after: " << p << endl;

The statementswith cout illustratethe useof the C++ ostreamoperatordefinedfor
FEL phys pos . Theostream operatordisplaysthephysicalcoordinates;the time
is alsodisplayedif it is defined.Theoutputfrom thestatementsabovewould look like:

before: (10, 11, 12)
after: (11.1, 13.2, 15.3)

6.3 FEL structur ed pos

The class FEL structured pos representspositions in structuredmeshesde-
scribed by floating-point i , j , and k values. FEL structured pos val-
ues are sometimesknown as “computationalcoordinates”, though they are only
applicable to structured meshes(or a structured zone in a multi-zone mesh).
FEL structured pos objectsalso containan integer zonevalue and time. The
zonecomesinto play whenworking with FEL multi mesh objects,andtime is rel-
evantto time-varyingobjects.

6.4 FEL vector3f and int

The FEL vector3f and int class,as its namesuggests,representsobjectscon-
sisting of a vector of 3 floats and an integer. The FEL vector3f and int
class is used primarily for working with meshesthat include what is known
in PLOT3D data sets as IBLANK [WBPE92]. IBLANK values are inte-
gers, one per vertex. Users see the FEL vector3f and int type in the
mesh calls coordinates and iblank at vertex cell() and coordi-
nates and iblank at cell() . SeeChapter11 for moreon theseroutines.



Chapter 7

Memory Management

FEL allocatesanddeallocatesmemoryusingthestandardC++new anddelete oper-
ators.In general,FEL objectsthatallocatememoryarealsoresponsiblefor deallocat-
ing thesamememory. Likewise,memoryallocatedby theuseris theuser’sresponsibil-
ity for deallocation.Thereis onekey exceptionto this conventionwith FEL: memory
allocatedfor bufferspassedto constructorsof meshandfield subclassesbecomesthe
responsibilityof FEL to deallocate.For instance,a buffer with float valuespassedto
theconstructorof anFEL core float field would becometheresponsibilityof
the corefield to deallocatewhenthe corefield is destructed.Userswho work solely
with meshesandfieldsconstructedvia thefile readerfunctions(seeChapter22)donot
have to beconcernedwith this issue,sincethetheconveniencefunctionsallocateand
passthebuffersappropriately. If theuserconstructsameshorfield explicitly, providing
databufferarguments,thenit necessarythatthebuffersbeallocatedusingtheC++new
[] operator, i.e. the C++ operatorfor allocatingarraysof objects.This requirement
is necessarybecauseultimatelyFEL will deallocatethebuffer usingtheC++ delete
[] operator, and in generalit is hazardousto allocatememoryin onemanner(e.g.
malloc ) anddeallocatein another(e.g.delete [] ). With FEL core field in-
stances,the useralsohasthe option of providing a flag that will suppressthe field’s
attemptto deallocatethesolutiondatabuffer. In thiscase,how thebuffer wasallocated
is irrelevant to FEL, andthe ultimateresponsibilityfor deallocatingthe buffer would
remainwith theuser.

7.1 Referencecountedobjectsand pointers

Referencecountingis a techniquefor trackingthenumberof referencesto eachobject
in a setof objects. Referencecountingsupportssharingobjectsandthe detectionof
a safetime to deallocatean object (i.e., whenthe numberof referencesto an object
goesto 0). In FEL, themostprominentuseof referencecountingis for meshandfield
instances.Referencecountingallows the userto createmeshesandfields and then
build additionalfields,suchasderivedfieldsanddifferentialoperatorfields, in terms
of the original fields. The referencecountbook-keepingis donetransparently. The
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referencecountingfreesthe userfrom somerelatively tediousanderror pronework
andin generalis unobtrusive.

FEL uses two classesthat work together to implement referencecounting:
FEL reference counted object and FEL pointer<T> . The FEL mesh
and FEL field classesinherit from FEL reference counted object . The
FEL pointer<T> classis usedto representreferencesto an object derived from
FEL reference counted object . ThetemplatetypeT standsfor theparticular
classbeingpointedto, e.g.,FEL mesh. FEL providestypedefnamesfor mostpoint-
ersto referencecountedobjects,usingtheconventionthatpointernamestake theclass
nameof theobjectpointedto andappend” ptr ”. For example,FEL mesh ptr and
FEL float field ptr representpointersto meshesandfloat fields. The pointer
classprovidesdefinitionsfor the operationsthat canpotentiallychangethe reference
countof anobject.For instance,FEL pointer<T> definesanassignmentoperator,
sothatwhenonepointeris assignedtoanother, onereferenceis potentiallyincremented
andoneis potentiallydecremented.We say”potentially” sincepointerscanhave the
valueNULL, andno countsneedto bechangedwhena pointerhasa NULL value.

TheFEL pointer<T> classis designedsothatonecanusepointerinstancesin
a mannersimilar to raw C-stylepointers,e.g.,onecanwrite statementsusing ” -> ”
syntax. Therearea few caseswhereFEL pointer instancesdiffer in usagefrom raw
pointers:� default initialization� casting� comparisonswith NULL� deleting

FEL pointers,unlike raw C-stylepointers,areguaranteedto alwaysbe initialized to
NULL by default. This differenceis not necessarilynoticeableto theuser, sinceone
canstill manuallyinitialize pointersasonewould dowith raw pointers.

A secondcasewhereFEL pointer<T> instancesdiffer from raw pointersis in
downcasting.For example,onemayhaveapointerto anFEL mesh, but whatonemay
needis a pointerto anFEL structured mesh, in orderto accessa methodthat is
specificto structuredmeshes.With raw pointersonecouldwrite:

FEL_mesh* mesh;
FEL_structured_mesh* structured_mesh;
...
structured_mesh = (FEL_structured_mesh*) mesh;

Unfortunately, if FEL mesh* and FEL structured mesh* were replacedby
FEL mesh ptr andFEL structured mesh ptr , thepreviousexcerptwouldnot
work. The cast fails becauseFEL mesh ptr (i.e., FEL pointer<FEL mesh>)
technicallyis not a C pointer; thereis no direct conversionfrom FEL mesh ptr to
FEL structured mesh ptr (i.e., FEL pointer<FEL structured mesh>).
The castcanbe accomplished,but the requiredsyntaxis awkward. For the previous
example:
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FEL_mesh_ptr mesh;
FEL_structured_mesh_ptr structured_mesh;
...
structured_mesh = (FEL_structured_mesh*) (FEL_mesh*) mesh;

Theless-than-obvioussyntaxis onemotivationfor providing downcastingmacrosfor
the user. Seethe following chapterfor a list of the castingmacrosprovidedby FEL
andsomeadditionalmotivationfor usingthemacros.

A third casewhereFEL pointer<T> instancesdiffer from raw pointersoccurs
whentestingwhetheror not a pointerhasthevalueNULL. FEL pointer<T> class
hasthememberfunctionnull() thatcanbeusedfor this purpose,for example:

FEL_mesh_ptr mesh; // default initialization
assert(mesh.null());

... assign non-NULL value to mesh
assert(!mesh.null());

Two FEL pointer<T> instances(both instantiatedwith the sametype for T) can
alsobetestedfor equalityor lack thereof usingthe== or != operators.

FEL pointerobjectsdiffer from raw pointersin a fourth respect:deletion.Whereas
in generalone can call delete directly on a heapallocatedobject, the equivalent
statementwill not work with an FEL pointer instance. In a sense,this shouldnot
besurprising,referencecountingtakesresponsibilityfor deallocatinganobjectwhen
thereareno morereferences;theusershouldnot have to take thesameresponsibility.
Nevertheless,therearea few occasionswheretheusermaywant to causethedeallo-
cationto happensooner. For example,onemaywant to freememoryusedby a large
meshor field that oneknows will not be usedagain. Onecando this indirectly by
assigningNULL to FEL pointers. Assumingthat thereareno otherreferencesto the
meshor field, assigningNULL to theremainingreferencewill decrementthecountto
0 andinducethereferencecountingmechanismto do thedeallocation.

Finally, somereadersmight observe in the previous discussionthat it is possible
to obtain the raw pointersto referencecountedobjects. Onemay be temptedto do
this, sinceusersare more familiar with C-style pointersand castingthan the refer-
encecountingsupportclassesof FEL. One should,however, resist this temptation.
Referencecountingrequireslittle overhead,soperformanceis typically not an issue.
Furthermore,thereferencecountingmechanismprovidedby FEL is robust,but all bets
areoff if onebreaksthroughtheabstractionandstartshandlingraw pointersdirectly.
Thepotentialconsequencesfor defeatingthereferencecountingarememorymisman-
agementbugswhichcanbeverydifficult to trackdown.

7.2 Referencecounting and mutual exclusion

TheFEL referencecountingmechanismis alsodesignedto supporttheuseof reference
countedobjectsin amulti-threadedenvironment.In amulti-threadedscenario,it is pos-
sible thatseveral threadscantake actionsthatchangethereferencecountof a shared
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object,suchasmeshor field. SuchactionsincludeassigningoneFEL pointer<T>
instanceto anotheror passinga pointerobjectto a subroutine.Sincesuchactionscan
take placesimultaneously, it is importantthat the changesto the referencecountsbe
madeatomically. In otherwords,only onethreadshouldbeableto changethecount
at onetime. FEL providesreferencecountingwith critical sectionprotectionfor count
changesvia theclassFEL mutex reference counted object whichisderived
from FEL reference counted object . The”mutex ” versionof theclassuses
a locking primitive providedby thetasksynchronizationlibrary (TSL mutex ) to en-
suremutualexclusion. Meshes,fields, and interpolantsin FEL areall derived from
FEL mutex reference counted object , thusthereferencecountingfor those
objectsshouldstill work reliably in multi-threadedapplications.



Chapter 8

Dynamic Casting

Thereareoccasionswhenonehasa pointerto a baseclass,but what oneneedsis a
pointerto a classderived from the baseclass. For example,onemay have a pointer
to a mesh: FEL mesh ptr , but needa pointer to a structuredmesh(a subclassof
mesh):FEL structured mesh ptr . Thetypicalcasewhereapointerto asubclass
is necessaryariseswhenoneneedsto call a methodthat is availableonly from the
subclass,for instanceamethodspecificto structuredmeshes.Castingfrom onetypeto
anothertype that is lower in thesameclasshierarchyis known asdowncasting. FEL
is designedto try to minimizetheamountof downcastingrequired,neverthelessthere
arestill caseswhereit is necessary. Onehazardof downcastingis that it is possible
to do it incorrectly, e.g.,if themeshpointerwerereferringto anunstructuredmesh,a
structuredmeshcastwould leadto dire consequences.Unfortunately, incorrectcasts
in generalcannotbedetectedatcompile-time;it is notuntil run-timethatthey become
apparent.

C++ providesa standardway to downcastsafely:dynamiccasts.Usinga dynamic
cast,onecandowncasta pointerto a particularsubclass.If thecastis legal, thenthe
resultis apointerto thesubclass;if thecastis not legal, thentheresultis NULL. Thus
onecandowncastandthencheckif thecastcompletedsuccessfullybeforecontinuing.
Dynamiccastingis a relatively new C++ feature,andit is notsupportedby someolder
compilers. FEL providesmacrosthat behave like dynamiccastsfor the mostcom-
moncastsof FEL objects.Thenamingconventionfor thecastsis FEL f TO t CAST,
wherean FEL pointer to a type f cast to an FEL pointer to a type t. For example
FEL MESHTO STRUCTUREDMESHCAST() takes an FEL mesh ptr argument
andreturnsanFEL structured mesh ptr , or NULL if thecastis not legal. One
differencebetweentheFEL macrosandC++dynamiccastingcomesin thecasewhere
the argumentis a NULL pointer. The C++ standarddictatesthat the dynamiccast
of a NULL pointershouldcauseanexception,theFEL macrosimply returnsNULL.
Table8.1 lists the castingmacrosprovided by FEL. Thoughtherearemany macros
definedby the library, the needfor themin usercodeis relatively infrequent.As the
designof the library evolves,we areworking towardsfurther reducingthe needfor
downcastingcalls.
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Cast
FEL OBJECTTO MESHCAST()
FEL OBJECTTO FIELD CAST()
FEL MESHTO STRUCTUREDMESHCAST()
FEL MESHTO UNSTRUCTUREDMESHCAST()
FEL FIELD TO FLOATFIELD CAST()
FEL FIELD TO VECTOR3FFIELD CAST()
FEL FIELD TO PLOT3DQ FIELD CAST()
FEL FIELD TO COREFLOATFIELD CAST()
FEL FIELD TO COREVECTOR3FFIELD CAST()
FEL FIELD TO TIME SERIES FLOATFIELD CAST()
FEL FIELD TO TIME SERIES VECTOR3FFIELD CAST()
FEL FIELD TO TIME SERIES PLOT3DQ FIELD CAST()
FEL INTERPOLANTTO HEXAHEDRALISOPARAMETRICCAST()

Table8.1: TheFEL dynamiccastingmacros.

Usercodewith anFEL dynamiccastmacrowould typically look like:

FEL_mesh_ptr mesh;
FEL_structured_mesh_ptr structured_mesh;
...
structured_mesh = FEL_MESH_TO_STRUCTURED_MESH_CAST(mesh);
if (!structured_mesh.null()) {

...
}
else {

error ...
}

Thereis a secondreasonfor theuseof macroswith downcasting.Pointersto FEL
meshesandfieldsarenotraw C-stylepointers;ratherthetypessuchasFEL mesh ptr
or FEL float field ptr are typedef namesfor FEL pointer objects. The
classesFEL pointer andFEL reference counted object areusedtogether
to provide referencecountingsupportin FEL (asdescribedin the previous chapter).
Unfortunately, straight-forwardC-styledowncastingdoesnotwork with FEL pointers,
thoughit is still possibleto downcastusinga more arcanesyntax. The macrosare
intendedto hidethatsyntax.



Chapter 9

Inter polation

Oneof themostusefulfeaturesof FEL is thatit allowsgridded,spatiallydiscretedata
to betreatedasa continuousdomain.In fact,this capabilitysupportsthekey abstrac-
tion of a field andis oneof the primary aimsof the library. The centralmechanism
underlyingthefield abstractionis spatial interpolation. FEL supportstemporalinter-
polation,too; this is describedseparatelyin Chapter25.

9.1 Setting interpolation modes

In FEL, queries for field values at arbitrary physical space locations (i.e.,
at phys pos() , seeChapter17) invoke a point locationalgorithmwhich findsthe
meshcell containingthequerypoint. FEL thenusesthegeometryof this cell, andthe
field valuesat its vertices,to determinea field valueat an interior point. Thelaststep
canbedonein oneof threeways,andyoutell FEL whichmethodyouwantwith aset
command.

FEL_mesh_ptr mesh; // defined elsewhere...

mesh->set(FEL_INTERPOLATION, FEL_NEAREST_NEIGHBOR_INTERPOLATION);
mesh->set(FEL_INTERPOLATION, FEL_ISOPARAMETRIC_INTERPOLATION);
mesh->set(FEL_INTERPOLATION, FEL_PHYSICAL_SPACE_INTERPOLATION);

Theseset calls are really methodson FEL mesh, but you can also call them on
any field, andit will simply forward the call to its mesh.Note thathowever it is set,
the interpolationmodeon a meshaffectsall fieldsbasedon that mesh. This rather
unfortunatestateof affairswill beamendedin afuturereleaseof FEL sothatfieldswill
belessdependententities.In themeantime,if you wantdifferentinterpolationmodes
on fields sharinga commonmesh,set the interpolationmodejust prior to querying
the field — but be aware that this may not be a robust strategy in a multithreaded
application.

Theinterpolationmodeswork in concertwith thesimplicial decompositionmode,
sincethecell typewhichtheinterpolationroutinesreceivemaybealteredby simplicial
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decomposition.(Detailson simplicial decompositionmay be found in Chapter12.)
Thusthe threeinterpolationmodeslistedabove, combinedwith the threechoicesfor
simplicial decomposition—

// setting decomposition off, even and odd:
mesh->set(FEL_SIMPLICIAL_DECOMPOS ITION , 0);
mesh->set(FEL_SIMPLICIAL_DECOMPOS ITION , 1);
mesh->set(FEL_SIMPLICIAL_DECOMPOS ITION , 2);

— form a ���� matrixof possibilities.If youdon’t explicitly setthem,theinterpolation
modedefaultsto FEL ISOPARAMETRICINTERPOLATION, and“even” simplicial
decompositionis turnedon (FEL SIMPLICIAL DECOMPOSITION, 1). The dif-
ferentcombinationsof interpolationandsimplicial decompositionmayproducequite
differentnumericalresultson thesamedataset,andthey vary widely in theamountof
numericalwork involved. A few generalconsiderationsaboutchoosingthesemodes
arepresentedbelow (andsee[KL95] for a comparisonof isoparametricandphysical
spaceinterpolationmethodson tetrahedra),but for themostpart,thechoiceis context
dependent.

Thecombinationof interpolationanddecompositionmodesaffectsthedifferential
operatorfields,sincethey obtaintheir requiredspatialderivativesby analyticallydif-
ferentiatingthe interpolatingpolynomials.This is thecaseevenwhenthedifferential
operatorfieldsarequeriedatavertex. For moreinformationonthedifferentialoperator
fields,seeChapter20.

9.2 Nearestneighbor interpolation

FEL NEARESTNEIGHBORINTERPOLATION really doesn’t do interpolation,
rather it assignsto an interior point the field value of the nearestvertex of the en-
closingcell. This “interpolation” methodis thefastestof thebunch,but obviouslynot
verysmooth.

9.3 Isoparametric interpolation

FEL ISOPARAMETRICINTERPOLATION transformsthe enclosingcell and the
querypoint into computationalspaceandtheninterpolatesa field valueat the query
locationusinglinearbasisfunctions.If thecell is atetrahedron,thephysicalto compu-
tationalspacetransformationof thequerylocationis doneanalytically. For hexahedra,
however, thephysicalto computationalspacetransformationof thequerylocationmust
bedonenumerically, usingNewton’smethod,andthisrequiresevaluatingandinverting
theJacobianmatrix for eachiteration.

In computationalspace,thecoordinatesof thequerypoint are ��������� , andthefield
value ����������������� � . Field valuesat cell verticesarereferredto as �"! , where# ranges
from 0 to 1 lessthanthenumberof nodesin thecell.

For tetrahedra,weusethelinearbasisfunction:���$���%�����&�'�(�%) * +�,-��,.�/,0� ���21435� � 6730�8�"943:�&�";
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andfor hexahedra:���$���%�����&�<� �%)=,-� �>�?)@,.�8�A�%)=,B�&�%� 13 �8�?)@,.�8�A�%)=,B�&�%� 63 �?)@,.� �C�D�%)=,B�&�%�"93 �"�D�%)=,B�&�%�";3 �?)@,.� �A�%)=,-�8��� �2E3 �8�%)=,-�8��� �"F3 �%)=,-� �?�8� �"G3 �"�8� �"H
9.4 Physical spaceinterpolation

FEL PHYSICAL SPACEINTERPOLATIONsolvesfor thecoefficientsof aninterpo-
latingpolynomialin physicalspace,usingthelocationsandfield valuesof theenclos-
ing cell verticesasconstraints.Thecalculationdoesnot involve any physicalto com-
putationalspacetransformations,but it doesrequireinversionof a IJ��I (tetrahedron)
or KL�MK (hexahedron)matrix.

In physicalspace,thecoordinatesof thequerypoint are NO��P���Q , andthefield value���R���$NO�%P���QS� . Coordinatesof cell verticesarereferredto as N ! , P ! , Q ! , andfield val-
uesat thecorrespondingverticesarereferredto as �"! , where# rangesfrom 0 to 1 less
thanthenumberof nodesin thecell. Thecoefficientsof the interpolatingpolynomial
arereferredto as �A! .
For tetrahedra,weusetheinterpolatingpolynomial:���$NO�%P���QS�T�U�V143:�W6�NX3:�A9>PY3:�A;>Q
anddeterminethecoefficientsby:Z[[\ � 1� 6�>9�>;

]>^^_ � Z[[\ )`N 1 P 1 Q 1)`N 6 P 6 Q 6)`Na9bP&9bQc9)`Na;bP&;bQc;
]>^^_ d 6 Z[[\ � 1� 6�"9�";

]>^^_
For hexahedra,weusetheinterpolatingpolynomial:���$NO��P���QS�7�R� 1 3:� 6 NL35� 9 P�3:� ; Qe35� E NfPg35� F NaQe35� G P�Qh35� H NfP�Q
anddeterminethecoefficientsby:Z[[[[[[[[[[\

�V1� 6� 9� ;� E� F�AG�AH

] ^^^^^^^^^^_ �
Z[[[[[[[[[[\

)`Nf1iPj1kQc1bNf1cPj1bNf1cQW1bP 1WQc1bNf1cPj1WQc1)`N 6 P 6 Q 6 N 6 P 6 N 6 Q 6 P 6 Q 6 N 6 P 6 Q 6)`N 9 P 9 Q 9 N 9 P 9 N 9 Q 9 P 9 Q 9 N 9 P 9 Q 9)`N ; P ; Q ; N ; P ; N ; Q ; P ; Q ; N ; P ; Q ;)`N E P E Q E N E P E N E Q E P E Q E N E P E Q E)`N F P F Q F N F P F N F Q F P F Q F N F P F Q F)`NaGkP GbQ2G`NaGWP G`NaGWQcG`P&G>Q2G`NaGWP G>Q2G)`NaHkP HbQ2H`NaHWP H`NaHWQcH`P&H>Q2H`NaHWP H>Q2H

] ^^^^^^^^^^_
d 6 Z[[[[[[[[[[\

�21� 6� 9� ;� E� F�"G�"H

] ^^^^^^^^^^_
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The Il�mI and Kn�mK matricesareinvertednumerically, usingGauss-Jordanelim-
inationwith partial pivoting. We thencheckthe “standard”matrix conditionnumber
usingtheinfinity norm( o>p/o>qroAp d 6 o>q ), andif thisexceeds)Ws G weperformasingular
valuedecomposition,zerothe singularvalues tu)cs d ; andgeneratea pseudoinverse.
We found the SVD to be necessary, especiallyin the Kv�0K case,asmany common
datasetsyield ill-conditionedmatricessurprisinglyoften. The SVD routineswill be
mademoreflexible in a futurereleaseof FEL, with user-settableoptionsreplacingthe
hardcodedinvocationandparameters.See,for example,[PTVF92] to learnmoreabout
SVD andrelatednumericalissues.

Althoughthematrix inversionsinvolvedin thephysicalspaceinterpolationroutines
areexpensive, especiallyif the SVD routinesare invoked, the invertedmatricesare
determinedpurelyby thegeometryof thecell. They canbereusedfor successive local
interpolationson the sameor a differentfield if the successive queriesall fall in the
samecell. Theinvertedmatrix is cachedin theFEL cell interpolant whichcan
beresubmittedaspartof anat phys pos() query. SeeChapter17for detailsonthe
severalvariantsof at phys pos() .
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Meshesand Fields

Theheartof FEL is composedof meshandfield objects;themajorityof thefollowing
chaptersof this documentwill beon topicsrelatedto thesetwo key types.Most of the
commoninterfacefor meshesis definedby theclassFEL mesh (Chapter11). Mostof
theinterfacefor fieldsis definedby theclassesFEL field andFEL typed field
(Chapter17).

Onegoal in thedesignof FEL is thatapplicationswritten in termsof thestandard
interfacesshouldwork with a varietyof meshandfield types.For example,a visual-
izationtechniquewritten for scalarfieldsshouldwork just aseasilywith a field where
valuesarecomputedon demand,suchasa derivedpressurefield (Chapter19),aswith
a field wherethedataareprecomputedandstoredin memory(Chapter18). Thesame
codeshouldalsowork with many othertypesof fields, suchasthosewheredataare
pagedin from diskon demand(Chapter23)or fieldsthatvarywith time (Chapter25).

While it is not hardto seethe virtuesof codereuse,it is not aseasyin practice
to designinterfacesthatmake suchreusestraightforward for the user. Evenwith the
bestof interfaces,it still may take someeffort on the user’s part to think in more
generalterms.Not every meshis structured,not every field is steady. In general,the
developmentof truly meshandfield type-independentalgorithmsrequireseffort onthe
part of both the FEL designteamandthe user. Making meshandfield independent
interfacesandalgorithmsareality continuesto bea learningprocessfor usall.

10.1 Member function style

Thememberfunctionsof themeshandfield classesfollow ageneralstylewhereinput
argumentscomefirst, followed by argumentspointing to the location whereresults
shouldbewritten. The input argumentstypically areC++ const references,so that
their intendeduseshouldbe clearerto the user, andso the compilermay have more
opportunitiesto optimize.Mostmemberfunctionsreturnanintegerindicatingwhether
thecall wassuccessful.We look at thereturnvaluesin a bit moredetailnext.
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10.2 Return values

Most meshandfield memberfunctionsreturnan integer statusvalue. The valuecan
indicatesuccess(FEL OK) or it canindicateoneof avarietyof errors.Thecompletelist
of returnvaluescanbefoundin FEL returns.h . Oneshouldusethenamesdefined
in FEL returns.h ratherthanintegervaluesexplicitly, so that in theunlikely case
that returncodesget renumbered,one’s codewill still work. Onereturnvaluewhere
eventhebestof FEL programmershave lapsedinto usingthe integervaluedirectly is
FEL OK. FEL OKis equalto 1. Theinterchangeabilityof 1 andFEL OKis soingrained
in theFEL programmingstylethatit is safeto assumethatthenumberandsymbolwill
beboundtogetherfor all time.

We concludethischapterby stronglyencouragingtheusersof FEL to checkreturn
values.Therearetwo mainreasonswhy oneshouldget into this habit. First, if oneis
seriousaboutdevelopingalgorithmsthataremeshandfield type-independent,thenit
is hazardousto assumewhenusingsomememberfunctionthat“this call cannotfail”.
Eventhoughtherearealreadya largenumberof meshandfield types,it is easyto fall
into thetrapof thinking in termsof just oneparticulartype.Evenif onedoesconsider
all thewaysthatacall canfail, basedonthetypesavailablein FEL today, oneis still not
completelysafe.In thefuturetherewill surelybemoremeshandfield typesintroduced
into thelibrary. Algorithmswritten with carefulerrorcheckingnow shouldat leastbe
ableto gracefullyindicatethatthey cannotwork with a new typein thefuture.

A secondreasonto beconscientiousaboutreturnvaluecheckingis thatnot doing
thecheckingcanleadto potentiallyinsidiousbugs.Sincemostmemberfunctionswork
by writing theirresultsinto alocationpassedinto thecall, onealwayshassomethingin
resultlocation,whetheror not thecall succeeded.In somecasesit maybeobviousthat
the result locationcontainsjunk, but at othertimesthe contentsmay seemplausible.
For example,theresultmaycontainavaluefrom aprevious,successfulcall. Checking
returnvaluesis theonly reliableway to guardagainstthis typeof problem.
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Meshes

Meshesareoneof thetwo key typesof objectsin FEL, theotherbeingfields. Meshes
representdiscretizationof a domaininto a setof cells. Thecell typesaredrawn from
thetypesrepresentedby theclassFEL cell : vertices,edges,triangles,quadrilaterals,
tetrahedra,andhexahedra.In anFEL mesh,it is assumedthatameshcontainingacell� alsoincludesall the facesof � ; so, for example,a meshwith a hexahedron� would
alsohave all thequadrilateral,edge,andvertex facesof � . Meshescontainbothgeo-
metricandtopologicalinformation.Geometricinformationincludesthecoordinatesof
verticesandthevolumeof cells. Topologicalinformationincludesneighborrelation-
shipsamongthecellsandotherdataabouthow thecellsareorganized.For example,a
meshcontaininga tetrahedron� canreturnthetrianglefacesor verticesof � .

In FEL, meshesareessentialto the constructionof fields, sinceevery field hasa
mesh.For fields,meshesspecifythelocationof nodes.Nodesarethepointsin thedo-
mainwheresolutionvaluesaregeneratedby thesolveror acquiredby experiment.FEL
supportsvertex-centeredfields, in otherwordsfields wherea nodeis associatedwith
eachvertex. Thereareotherorganizationsfor nodes;for instance,a hexahedralmesh
maybe“cell-centered”,i.e.,a nodeis associatedwith theinterior of eachhexahedron,
but suchconfigurationsarecurrentlyunsupportedby FEL.

Onekey responsibilityof meshesis point location. Given a point w anda mesh
containingsometype of 3-cells,suchas tetrahedraor hexahedra,the resultof point
locationwill be an integer returncodeand,if the locationeffort is successful,a cell
containingw . The conceptof point location in FEL hasbeengeneralizedto meshes
whichdonotcontain3-cells.For instance,FEL canrepresentsurfacesin x ;

consisting
of trianglesor quadrilaterals(2-cells). Point locationwith a surfacemeshreturnsa
2-cell from the mesh. SeeChapter12 for detailsof how point location is defined
for surfaces. Efficient point location is one of the keys in FEL to providing good
performanceoverall.

A secondkey responsibilityof meshesis to assistwith interpolation.Giventhecell� resultingfrom point location,a meshcanconstructan “interpolant” for uselater in
interpolation. The interpolantcontainsinformationbasedon the geometryof � . The
specificinformationcontainedin aninterpolantdependsuponthetypeof interpolation
that theuserhasselected.For example,if � is a tetrahedron,andtheprevailing inter-
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polationmodeis isoparametric,thentheinterpolantwould containthebasisfunctions
requiredto linearly interpolatewithin � . SeeChapter9 for moredetailon interpolants.

11.1 The meshclasshierarchy

Figure11.1illustratestheclasshierarchyfor FELmeshes.FEL mesh inheritsfrom the
classFEL mutex reference counted object , thereforemeshesarereference
countedin FEL,andthereis critical sectionprotectionfor thereferencecountingsothat
they canbeusedin multi-threadedapplications.FEL mesh specifiestheinterfacethat
all meshclassesinherit. Themeshclassalsoprovidesimplementationof routinesthat
areusedby many of themeshsubclasses.Key subclassesof FEL mesh aredescribed
in thefollowing chapters.

11.2 Settingand getting meshproperties

FEL meshessupporta general“set ” interfacefor settingmeshproperties:

void set(const FEL_set_keyword_enum k, int v);

Theset call takesa keyword k anda valuev ; thecompletelist of keywordscanbe
found in the file FEL set keywords.h . Thereis also a general“get ” member
function:

int get(const FEL_get_keyword_enum k, int* nv, int v[],
int zone = FEL_ZONE_UNDEFINED)const;

Theget call takesa keyword k andfills in *nv integervaluesinto thearrayv . Note
thatsomeproperties,suchasthe dimensionsof a structuredmesh,requiremorethan
oneintegerto describe.In mostcasestheuserwill know how many integersareneeded
to describea particularproperty, i.e.,how many valueswill bewritten into v . In those
casestheusercanpassthevalueNULLfor thenv argument.Theget functiontakesan
optionalfinal argumentspecifyingazone.Usingthezone argumentwith get allows
oneto makequeriesof a particularzonein a multi-zonemesh.Theget call returns1
for successor anerrorvalueotherwise.

11.3 Simplicial decomposition

Somealgorithmswork in termsof thecellsof amesh,but requirethatthecellsbesim-
plices,i.e.,thatthecellsbevertices,edges,triangles,or tetrahedra.FEL supportsemu-
latingthedecompositionof ameshinto simplicesthroughwhatis knownas“simplicial
decomposition”.We say“emulating” becauseinternallyFEL doesnot changetherep-
resentationof the meshwhensimplicial decompositionis requested;it only changes
thetypeof cellsreturnedby methodssuchaspoint location.Currentlyonly structured
meshescontainnon-simplicialcells(quadrilateralsandhexahedra),thusthefollowing
discussiononly appliesto structuredmeshtypes. In the futureothermeshtypesmay



11.3. SIMPLICIAL DECOMPOSITION 45

Figure11.1:TheFEL meshclasshierarchy.
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alsocontainnon-simplicialcells, but the interfacefor controlling the decomposition
will bethesame.

In generalthereis morethanoneway to subdivide a non-simplicialcell into sim-
plices,even if oneis not allowedto introducenew verticesaspartof thesubdivision.
A quadrilateralcanbe broken into trianglesin oneof 2 ways,dependinguponhow
thediagonalis chosen.Thereare2 waysto decomposea hexahedroninto 5 tetrahedra
andmany moredecompositionsconsistingof 6 tetrahedra.A typical requirementis
that the cellsbedecomposedconsistently;in otherwords,if thereis a non-simplicial
facesharedby two cells,thenthedecompositionchosenfor eachcell mustresultin the
samedecompositionfor thesharedface.Theissueof consistentdecompositionsin FEL
ariseswith structuredhexahedralmeshes,sinceadjacenthexahedrasharequadrilateral
faces.FEL supports2 consistentsimplicial decompositionsfor structuredmeshes,to
bedescribedin thenext chapter. FEL alsoprovidesthecall 1:

int decomposition_cells(const FEL_cell c&,
int* nsc, FEL_cell sc[]) const;

whichtakesanon-simplicialcell c asanargumentandreturnsnsc simplicialcellssc
thatc wouldbesubdividedinto, usingtheprevailing simplicialdecompositionsetting.
(Theusercanqueryabouttheprevailing decompositionmodeusingtheget member
function describedabove.) The resultof decomposition cells is undefinedif
simplicial decompositionis not on whenthecall is made.

To set a particular value for simplicial decomposition,one can use the call
set(FEL SIMPLICIAL DECOMPOSITION, i) on a mesh,wherei would have
the value 0, 1, or 2. The value 0 signifiesthat simplicial decompositionshouldbe
turnedoff. Values1 and2 eachsetoneof 2 alternatedecompositionsfor structured
meshes.

11.4 Point location and interpolation

FEL meshesall inherit thefollowing interfacefor point location:

int locate_close_vertex_cell(const FEL_phys_pos& p,
FEL_vertex_cell* v) const;

int locate(const FEL_phys_pos& p, FEL_cell* c) const;
int locate(const FEL_phys_pos& p, FEL_cell& start_cell,

FEL_cell* c) const;

The locate close vertex cell returnsa vertex v thatis closeto p. Thevertex
is not guaranteedto betheclosest,but sometimescloseis goodenough.The locate
memberfunctionsaretheworkhorseroutinesfor point location.Givena point p, lo-
cate producesacell c . For mostmeshes,c is ahexahedronor tetrahedroncontaining

1For thoselessfamiliar with C++ notation,theconst keyword maybenew. Whenthekeyword is part
of an argumentdeclaration,thenconst indicatesthat the function will not modify the argument. When
const follows theclosingparenthesesof a classmemberfunctiondeclaration,thenconst specifiesthat
calling thefunctionwill notchangethestateof theobject.
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p. For othertypesof meshes,suchassurfacemeshes,c maybea quadrilateralcell or
trianglecell closeto p.

The second locate routine takes an extra start cell argument.
For several key mesh types, such as FEL curvilinear mesh and
FEL unstructured mesh, a point is located by “walking” from cell to cell,
until a resultcell is found. If a start cell argumentis provided, then it is used
to initialize thewalking point locationroutine. Providing a startcell cansignificantly
improvethepoint locationperformanceif thecell is closeto thegivenpoint.

An FEL interpolant containsinformation basedon the geometryof a cell
used for interpolation. An interpolant is specific to a particular cell, and an
FEL cell interpolant pairsa cell togetherwith its interpolant. Sincemeshes
containcell geometricdata,meshesareresponsiblefor initializing interpolants.Ini-
tializationis donethroughthememberfunctions:

int set_interpolant(FEL_cell_interpol ant*) const;
int set_interpolant(const FEL_cell_interpolant& pci,

FEL_cell_interpolant* ci) const;
int locate_and_set_interpolant(const FEL_phys_pos&,

FEL_cell_interpolant*) const;
int locate_and_set_interpolant(const FEL_phys_pos&,

FEL_cell_interpolant&,
FEL_cell_interpolant*) const;

Thesecondset interpolant call providestheopportunityto reusetheinterpolant
loadedby a previous set interpolant call, if the cell in ci is the sameas in
pci , andtheinterpolationmode(e.g.,isoparametric)is thesame.Thelattertwo calls
combinepoint locationandsettinganinterpolantinto onecall.

11.5 Coordinates

Theusercanaccessthecoordinatesv of theverticesof a cell c via thecalls:

int coordinates_at_cell(const FEL_cell& c,
FEL_vector3f v[]) const;

int coordinates_at_vertex_cell(const FEL_vertex_cell& c,
FEL_vector3f* v) const;

Onecanalsoconvert betweena structuredmeshpositions andphysicalcoordinates
via thecall:

int coordinates_at_structured_pos(const FEL_structured_pos& s,
FEL_vector3f* v) const;

Sincethestructuredpositionincludesa zonenumber, the “at structuredpos” call can
alsobemadeon a multi-zonemesh,aslong asthespecifiedzoneis structured.If the
call is madeon a meshthatdoesnot have structuredbehavior, thenthereturnvalueof
thecall will not beequalto 1.
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11.6 Cell geometricproperties

The memberfunctionswhich answerqueriesregardingthe geometricpropertiesof
cellsarerelatively self-explanatory:

bool cell_has_collapsed_edge(const FEL_cell&) const;
int volume_of_cell(const FEL_cell&, double*) const;
int centroid_of_cell(const FEL_cell&,

FEL_vector3f*) const;
int longest_edge_length_of_cell(const FEL_cell&,

float*) const;
int closest_vertex_of_cell(const FEL_phys_pos&,

const FEL_cell&,
FEL_vertex_cell*) const;

Thecell has collapsed edge call testswhethertwo verticeson thesameedge
have coordinatesthatareexactly equal;in otherwordsthereis no epsilonusedin the
floating-pointcoordinateequalitytestto allow for nearly-equalvalues.

11.7 Cell incidencerelationships

Givena cell � , anapplicationmayrequirecells incidentto � . Two distinctcells � and
 areincidentif � is thefaceof 
 or vice versa.For example,for a giventriangle � in
a mesh,onemayneedtheverticesof � , or perhapsthetetrahedrafor which � is a face.
The incidencerelationshipsamongcells canbe visualizedwith a graph. Figure11.2
illustratesthe incidencerelationshipsfor a small meshin x 9 . Thegraphto the right
containsanodefor eachcell in themeshto theleft. Thenodesareorganizedinto rows,
eachrow containingcellsof aparticulardimension.Therowsareorderedby ascending
dimensionality:higherrowssignify higher-dimensioncells.A meshcontaining3-cells
would have oneextra row at thetop. Theexamplequeriesfrom above canbeseenas
startingataparticularnodeandfollowing pathsdownwardor upward.For example,to
gettheverticesof a triangle � , onecouldstartat thenoderepresenting� andfollow all
thepathsdownwards.Likewise, in a meshcontainingtetrahedra,onecouldstartat a
noderepresentinga triangle � andfollow the0, 1, or 2 pathsupward,dependingon the
numberof tetrahedrathathave � asa face.FEL meshessupportqueriesbasedon cell
incidencerelationshipsvia thecallsup cells anddown cells :

int up_cells(const FEL_cell& c, int d, int max,
int* n, FEL_cell rc[], int = -1) const;

int down_cells(const FEL_cell& c, int d, int* n,
FEL_cell rc[]) const;

Both calls take a cell c as the first argument,and the dimensiond of the cells one
wantsin returnasthe secondargument. Both calls write cells in the array rc . The
numberof cellsproducedis written into n. Theup cells call alsotakesanargument
max, which specifiesthe maximumnumberof cells that the userwantsback. The
terms“up” and“down” canbe thoughtof eitherasgoing up or down in dimension,
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Figure11.2:A smallexamplemeshandits incidencegraph.

or as going upward or downward in the incidencegraph. In topology, the up and
down operationsareknown asstar andclosure, respectively. Note that the concepts
of incidencerelationshipsandup anddown calls arenot specificto a particulartype
of mesh;thusalgorithmswritten in termsof up cells anddown cells have the
potentialof workingwith many typesof meshes.

11.8 Adjacent cells

A conceptrelatedto theincidencerelationshipsbetweencellsis adjacency, alsoknown
asa neighborrelationship.Themeshmemberfunctionadjacent cells supports
queriesrequestingthe cells neighboringto a given cell. The function signaturefor
adjacent cells is:

int adjacent_cells(const FEL_cell&, int*, FEL_cell []);

wherec is the cell for which to produceadjacentcells for, andnac andac get the
numberof adjacentcellsandthecellsthemselves,respectively. Themostfrequentus-
ageof the adjacent cells call is with a 3-cell argument. For example,given a
hexahedron� from a hexahedralmesh,adjacent cells would returnthehexahe-
dra which sharea quadrilateralfacewith � . Likewise, given a tetrahedron� from a
mesh(eithera tetrahedralmeshor a hexahedralmeshwith simplicial decomposition
turnedon), adjacent cells will returnthe tetrahedrawhich sharea triangleface
with � . The adjacent cells call is handyfor algorithmsthatwork breadth-first,
startingfrom aseedcell. For example,onecouldconstructanisosurfaceincrementally,
processingcellsoutwardfrom aninitial 3-cell.

Theconceptof adjacency hasamoreformaldefinition.First,returningto thegraph
in Figure11.2,imaginethateachvertex is thefaceof a special(-1)-cell, i.e. thatthere
is an extra row beneaththe vertex (0-cell) row with one node,and arcsfrom each
vertex to the (-1)-cell node. Furthermore,if the cells in the top row are � -cells, then
imaginean extra row above the � -cellswith a single �y�L3z)2� -cell thatevery � -cell is
the faceof. Given this augmentedincidencerelationshipgraph,onecan definethe
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adjacentcellsof a cell � via theup anddown operationsdescribedabove. Let {}|2~ be
the setof cells producedby going up onedimensionandthendown onedimension,
startingwith � . Let {}~�| bethesetof cellsproducedby goingdown onedimensionand
thenup onedimension,startingwith � . The cells adjacentto a cell � arethe cells in�y{D|"~@�.{}~�|��4,�� . (Therearemoreefficient waysto implementadjacent cells ,
thepreceedingdefinitionis usefulfor its generality).

11.9 Cardinality

Sincemeshesarefinite collectionsof cells,onebasicquerythat theusermight make
is a countof the cells representedby a mesh.FEL providesthis functionalityvia the
methodcard :

int card(int k) const;

Given an integer argumentk , card returnsa count of the � -cells in a mesh. For
instance,card(0) returnsthe numberof verticesin a mesh.The valuereturnedby
card dependsonwhethersimplicialdecompositionis turnedonor off. For example,if
card(2) returns# whencalledon a structuredhexahedralmeshwith decomposition
off, thencard(2) will return �j# whendecompositionis turnedon.

11.10 Cells and canonicalenumeration

For the � -cells in a mesh,onecanimagineassigninga numberingso thateach � -cell
hasa uniqueinteger identifier. Suchan enumerationcould be handy, for example,
for representingsetsof � -cells, sinceeachinteger identity numberwould consume
lessmemorythan an FEL cell object. FEL supportsa canonicalenumerationof� -cells,but not for every valueof � andfor every meshtype. Thefollowing chapters
onstructuredandunstructuredmesheslist whichenumerationsarecurrentlysupported.
Everyenumerationfollowstheconventionof goingfrom 0 to card(k) - 1 for � -cells.
To convert betweenthe integer representationandtheFEL cell representation,and
viceversa,FEL providesthemethods:

int int_to_cell(int i, int k, FEL_cell* c,
int s = -1) const;

int cell_to_int(const FEL_cell& c, int* i) const;

Theconversionfrom integerto cell is influencedby thesimplicialdecompositionmode
currentlysetfor themesh.Onecanoverridetheprevailing decompositionmodefor the
durationof the int to cell call by providing anoptionalfinal argumentspecifying
a decompositionmode.For cell to int , thedecompositionmodeis inferredfrom
theincomingcell type.
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11.11 PLOT3D IBLANK

Theclassesin theFEL meshhierarchy, andtheinterfacespecifiedat thetophierarchy,
are intended,asmuch as possible,to be independentof any particularmeshor file
formatstandard.OnecasewhereFEL favorsa particularstandardis in its supportof
IBLANK. IBLANK is a standarddefinedby PLOT3D [WBPE92] wherean integer
“IBLANK” valueis associatedwith eachvertex in a mesh.Sincemeshesin FEL are
currentlyall vertex-centered,having an integerat eachvertex is equivalentto having
an integer associatedwith eachnodein a field. The IBLANK valuecan serve one
of threepurposes. The first is as a flag indicating that the nodeassociatedwith a
vertex is invalid (indicatedby an IBLANK of 0). The secondIBLANK useis asa
hint aboutoverlappingzonesin a multi-zonemesh.To indicatethat a vertex maybe
within anoverlappingzoneQ , PLOT3D specifiesthattheIBLANK valueshouldbe ,@Q .
(PLOT3D follows theFORTRAN styleof numberingwherethezonesgo from 1 to #
ratherthan0 to #�,�) ). Thethird usageof IBLANK valuesareto flagverticesthatare
on an impenetrablesurface,signifiedby thevalue2. An IBLANK of 1 is thedefault,
signifying thatthenodeis OK andthatthereis no overlappingzoneinformation.FEL
meshesprovideaccessto IBLANK valuesvia thecalls:

int iblank_at_cell(const FEL_cell& c, int i[]) const;
int iblank_at_vertex_cell(const FEL_vertex_cell& c,

int* i) const;
int combined_iblank_at_cell(const FEL_cell& c, int* ci) const;
int coordinates_and_iblank_at_cell(const FEL_cell& c,

FEL_vector3f_and_int[] ci) const;
int coordinates_and_iblank_at_vertex_cell( const FEL_vertex_cell& c,

FEL_vector3f_and_int* ci) const;

For a cell c , iblank at cell andiblank at vertex cell produceIBLANK
values,onefor eachvertex in c . Thecall combined iblank at cell producesa
singleintegerci thatis abitwisecombinationof thefollowing 4 flags:� FEL PLOT3D HAS IBLANK 1� FEL PLOT3D HAS IBLANK 2� FEL PLOT3D HAS IBLANK 0� FEL PLOT3D HAS IBLANK LT 0

ThecombinedIBLANK call is handyfor quicklydeterminingwhetheramorethorough
analysisof theIBLANK valuesfor a cell is necessary. Theflagsaredesignedso that
a bitwisecombinationof themwill resultin an integervaluebetween1 and15. FEL
meshesalsoprovide the “coordinatesand iblank” calls, whereonecanrequestboth
typesof datasimultaneously.

OnecanconfigureameshmsothatacombinedIBLANK valueis returnedby point
locationroutines,usingthecall:

m->set(FEL_RETURN_IBLANK, 1);



52 CHAPTER11. MESHES

If locate finds a cell containingthe given point, then the combinedIBLANK for
thecell is returned.Note that thecombinedIBLANK is anintegerbetween1 and15.
The locate function canstill return othervalues,for exampleto indicatethat the
givenpoint is outsidethemesh.SeeFEL returns.h for acompletelist of thereturn
values.



Chapter 12

Structur edMeshes

In FEL, structuredmeshesconsistof hexahedralcells(andall their faces),with a reg-
ular organizationsuchthat the verticesof the meshcanbe indexedby 3 indices,just
asonewould index a 3-dimensionalarray. Theindicesareusuallywritten � , � , and � .
Topologicalinformation,suchas incidencerelationshipsamongcells, is represented
implicitly. Geometricinformation, suchas the coordinatesof vertices,can be rep-
resentedimplicitly or explicitly, dependingon the particularsubclassof structured
mesh. Subclassesof FEL structured mesh, in particular the curvilinear mesh
subclasses,aresomeof themostheavily usedclassesin FEL.

12.1 Simplicial decomposition

Whenworking with structuredmeshes,theuserhasthechoiceof 3 simplicial decom-
positionmodes. Mode 0 correspondsto no decomposition.Modes1 and2 specify
decompositionswhereeachhexahedronis broken into 5 tetrahedra.Therearetwo 5-
tetrahedradecompositionspossiblefor a hexahedron.In orderfor thedecompositions
to beconsistentbetweeneachpair of adjacenthexahedra,thedecompositionfor each
hexahedronmustbetheoppositeof its adjacentneighbors.Thus,giventhedecompo-
sitionchoicefor onehexahedronin astructuredmesh,thechoicesfor all theremaining
hexahedraare forced. FEL organizesthe 2 decompositionsin termsof “odd” and
“even” vertices,wheretheoddandevendesignationscomefrom thevertex � , � , and �
indices.A vertex is evenif thesum ���}3���3:�f� is even,otherwiseit is odd. In decom-
positionmode1, thediagonalsaddedto decomposethequadrilateralsgobetweeneven
vertices.Thedecompositionchoicesfor the6 quadrilateralfacesof ahexahedronleave
only onepossibletetrahedraldecomposition.In decompositionmode2, thediagonals
gobetweenoddvertices,andthehexahedraldecompositionfollowssuit.

12.2 Cell incidencerelationships

FEL structured mesh implementsthestructuredmeshsupportfor theup cells
and down cells memberfunctions. Table 12.1 summarizesthe combinationsof
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To
0 1 2 3

0 � u
From 1 d �

2 d d � u
3 d d d �

Table12.1:Thesupportedcombinationsfor up cells anddown cells . Eachbox
in the grid representsa combinationof From cell dimensionandTo cell dimension.
Combinationsmarkedwith d aresupportedby down cells() , combinationsmarked
with u aresupportedby up cells() . Theboxesmarked � aretrivially supportedby
eitherdown cells() or up cells() . Emptyboxesindicateunsupportedcombi-
nations.

“from” and“to” cell dimensionssupported.Fromthe table,for example,onecansee
thatsincethereis ad in row 3, column0, onecanusethemethoddown cells to get
from ahexahedron(3-cell) to its vertices(0-cells).Thesamesupportis availablewhen
simplicial decompositionis turnedon; thus,given a subtetrahedron,onecanget its
verticesvia down cells . In general,thesame“from” and“to” pairsaresupported,
regardlessof thesimplicial decompositionmode.

TheFEL structuredmeshclassalsoimplementstheadjacentcellsmethodfor struc-
turedmeshes.Currentlyadjacent cells is implementedfor hexahedraandsubte-
trahedraonly.

12.3 Canonical cell enumeration

FEL structured mesh currently supportsa canonicalenumerationof vertices,
hexahedra,andsubtetrahedra.The enumerationfor eachtype of cell correspondsto
the orderingin which an iteratorwould producethe cells if iteratingover the whole
mesh.In termsof thecell � , � , and � indices,the � index would vary thefastest,� the
slowest.If simplicialdecompositionis turnedon,thenall thetetrahedraresultingfrom
decomposinga particularhexahedronarenumberedconsecutively.

12.4 Computational spacesupport

int coordinates_at_structured_pos(cons t FEL_structured_pos& s,
FEL_vector3f* c) const;

int jacobian_at_vertex_cell(const FEL_vertex_cell& v,
FEL_matrix33f* m) const;

int contravariant_phys_to_comp_vector( const FEL_vertex_cell& vc,
const FEL_vector3f& pv,
FEL_vector3f* cv) const;

int contravariant_phys_to_comp_vector( const FEL_structured_pos& s,
const FEL_vector3f& pv,
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FEL_vector3f* cv) const;

12.5 Structured meshdimensions

FEL providesaccessto thedimensionsof a structuredmeshvia thememberfunction
get structured dimensions() :

int get_structured_dimensions(int d[]) const;

Thefunctionis definedaspartof theinterfaceof FEL mesh, thusonedoesnothaveto
castan FEL mesh ptr down to an FEL structure mesh ptr in orderto make
thecall. Thefunctionreturns1 on successor 0 if thecall is inappropriate,e.g.,if the
call is madeon anunstructuredmesh.

Theget structured dimensions() call canalsobeusefulfor distinguish-
ing objectsthat have structuredmeshbehavior from thosethat do not. We say“has
structuredmeshbehavior” ratherthan“is a structuredmesh”becausenot all meshes
with structuredmeshbehavior aresubclassesof FEL structured mesh. In par-
ticular, a transformedmesh(Chapter14) built in terms of a structuredmeshhas
structuredbehavior, e.g., one can requestthe structureddimensions,yet it is not a
structuredmesh.Thusthecall get structured dimensions() is preferableto
is structured mesh() , sincethefacta meshis transformedshouldbetranspar-
entto a routinethatrequiresanobjectwith structuredmeshbehavior.

12.6 Axis-aligned structur ed meshes

Axis-alignedstructuredmeshesaremesheswherethecellsarealignedwith thecoor-
dinateaxes in physicalspace.Axis-alignedmeshesin FEL may have either regular
or irregular axes. A regular axis is an axis wherethe spacingbetweenneighboring
verticesis constant.An irregular axis is anaxiswherethespacingis not obligedto be
the samethroughout.An axis-alignedstructuredmeshwhereall the axesareregular
is alsoknown asa regular mesh. Axis-alignedmeshescanbe thoughtof asmeshes
definedby theCartesianproductof regularor irregularaxesalignedwith thephysical
spaceaxes.

Axis-alignedmesheshave theadvantageof requiringfar lessmemorythancurvi-
linearmeshes(describedlaterin thischapter),sincecoordinatescanberepresentedim-
plicitly. (PLOT3D IBLANK valuesareassumedto be1 for everyvertex.) Axis-aligned
meshesalsohave theadvantageof moreefficientpoint location,sincetheregularityof
thegeometryadmitssignificantoptimizationsover themoregeneralcurvilinearmesh
case.

FEL provides classesrepresentingaxis-alignedmesheswith all regular axes,
mesheswith regular N and P axes but an irregular Q axis, and mesheswherethe Q
axishasdimension1. Theclassconstructorslook like:

FEL_regular_mesh(int d0, int d1, int d2,
char* nm = "regular_mesh");



56 CHAPTER12. STRUCTUREDMESHES

FEL_regular_mesh(int d0, int d1, int d2,
float s0, float s1, float s2,
char* nm = "regular_mesh");

FEL_regular_mesh(int d0, int d1, int d2,
float s0, float s1, float s2,
float o0, float o1, float o2,
char* nm = "regular_mesh");

FEL_regular_xy_irregular_z_mesh(i nt d0, int d1, int d2,
float o0, float s0,
float o1, float s1,
float* coordinates2,

char* nm = "regular_xy_irregular_z_mesh");

FEL_regular_mesh2(int d0, int d1,
float s0, float s1,
char* = "regular_mesh2");

The parametersd0 , d1 and d2 specify the dimensionsof the meshin I, J, andK.
Thenmparametergivestheusertheoptionof providing acharacterstringnamefor the
mesh.Thesecondconstructorfor FEL regular mesh givestheusertheopportunity
to specifythespacingbetweenadjacentverticesusingtheparameterss0 , s1 , ands2 .
Theorigin for regularaxescanalsobespecifiedusingtheargumentso0 , o1 , ando2
in thethird constructor.

TheclassFEL regular mesh2 is usedfor representingregularly griddedrect-
angles. The argumentsfollow the same pattern as for the hexahedralmeshes.
An FEL regular mesh2 instancelies in the Q���+ plane. The third com-
ponentof FEL phys pos and FEL structured pos argumentsis ignored by
FEL regular mesh2. Thus,the locate memberfunction,givena point w-�.x ; ,
essentiallyprojectsw down to the Q���+ planeand then locatesthe quadrilateralto
which w projects.

The default interpolationmodewith FEL regular mesh2 is of type nearest
neighbor. Simplicial decompositionis not currentlysupportedfor this class.

12.7 Curvilinear meshes

Curvilinearmeshesare the most generaltype of structuredmeshin FEL. The class
FEL curvilinear mesh is actuallyan abstractclass. The classesderived from
curvilinearmeshthattheusercaninstantiateare:� FEL curvilinear mesh xyz layout� FEL curvilinear mesh xyzi layout� FEL curvilinear mesh xyzi field layout
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Therearealsopagedcurvilinearmeshclasses,describedin Chapter23. The “ lay-
out ” suffixes distinguish how the data describing the coordinatesand in some
casesIBLANK areprovided. The xyz layout meshworks with an arrayof type
FEL vector3f thatcontainsthecoordinatesof thevertices.The N , P , and Q compo-
nentsof eachvertex arecontiguousin memory, asthey arein eachFEL vector3f .
In termsof thestructuredmeshI, J,andK coordinates,theverticesareorderedsothatI
variesthefastestandK theslowest.IBLANK valuesareassumedto be1 everywhere.
The xyzi layout meshworks with an arrayof type FEL vector3f and int .
The layout is the same as for the xyz mesh, except that each vertex has an
IBLANK value interleaved with the coordinates. The xyzi field layout
is constructedwith a field where the node type is FEL vector3f and int .
When a FEL curvilinear mesh xyzi field layout is queriedfor coordi-
natesor IBLANK data, it in turn queriesthe field it was constructedwith. The
xyzi field layout curvilinear mesh is typically used to representunsteady
meshes;seeChapter26.

Theconstructorscorrespondingto theclassesaboveare:

FEL_curvilinear_mesh_xyz_layout(
int d0, int d1, int d2,
FEL_vector3f* xyz,
const char* nm = "curvilinear_mesh_xyz_layout");

FEL_curvilinear_mesh_xyzi_layout(
int d0, int d1, int d2,
FEL_vector3f_and_int* xyzi,
const char* nm = "curvilinear_mesh_xyzi_layout");

FEL_curvilinear_mesh_xyzi_field_layo ut(
int d0, int d1, int d2,
FEL_vector3f_and_int_field_ptr xyzi_field,
const char* nm = "curvilinear_mesh_xyzi_field_layo ut");

EachconstructortakestheI, J,andK dimensionsof themeshasthefirst 3 arguments.
The next argumentis specificto the particulardatalayout: the argumentis eithera
pointer to a buffer or a field pointer. Thus if the userhasa buffer in an appropriate
layout,thenheor shecanconstructa curvilinearmeshdirectly.

In thefuturetheremaybeothermemorylayoutssupportedby FEL via moresub-
classesof FEL curvilinear mesh. Onelayout thatmaybeof particularinterest
is thecasewheretheX, Y andZ coordinatevaluesarein separatearrays,i.e., not in-
terleavedtogether. Sucha layoutcommonin FORTRAN applicationsandin somefile
formats.

Theconventionin FEL for meshandfield constructorsis thatany buffer provided
asa constructorargumentbecomesthe reponsibilityof the FEL objectto deallocate.
SinceFEL will usethedestructordelete [] to do thedeallocation,it is important
that the userallocatethe memoryusingthe C++ allocationstyle for arrays,i.e., new
[] . For instance,if the buffer is an array of FEL vector3f , then the allocation
shouldlook somethinglike:

FEL_vector3f* xyz = new FEL_vector3f[n_vertices];
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If theuserhasabuffer allocatedin someothermanner, or in generalif theuserdoesnot
wantFEL doingthebuffer deallocation,thenfor a meshmonecanusethestatement:

m->set(FEL_SUPPRESS_DEALLOCATION, 1);

If the userspecifiesdeallocationsuppression,thenhe or sheremainsresponsiblefor
themanagementof thedatabuffers.SeeChapter7.

12.8 Curvilinear meshpoint location

Curvilinearmeshesinherit the interfaceof the two overloadedversionsof locate
declaredin FEL mesh. BothversionstakeanFEL phys pos asafirst argumentand
a pointer to a cell wherethe resultwill be written asthe last argument. The second
versionof locate takes an extra argumentthat is usedas a start cell for walking
point location. Givena startcell, locate for a curvilinearmeshwill walk from cell
to cell until a cell containingthe given point is found. If locate with a start cell
is unsuccessful,or if no start cell was provided, then curvilinear meshesusesfour
techniquesto determinewhetherthemeshcontainsthegivenpoint. Thetechniquesto
locatea point w are:

(1) Testif w is in themeshboundingbox.

(2) Startingatthe(computationalcoordinates)centerof eachof the6 meshboundary
sides,usean adaptive vertex walk to get closeto w . Starting from the walk
destinationclosestto w , do a tetrahedralwalk.

(3) Startingfrom any of thedestinationsin (2) thathavenotbeentried,doa tetrahe-
dral walk.

(4) For each2-cell � on theboundaryof themesh,computethecentroidof � andthe
normalof � facinginto themesh.Choosethecell � from which w is visible and
whosecentroidis closestto w . Do a tetrahedralwalk from there.

Thetechniquesareorderedby computationalcost;thefourth techniquein particularis
relatively expensive. Theusercancontrolhow mucheffort a curvilinearmeshmputs
into point locationusingthecall:

m->set(FEL_LOCATE_EFFORT, level);

wherethemeshmayusethelevel � techniqueif ��� level . By default thelevel is 4,
for multi-zonemeshesthelevel for eachzoneis turneddown to 3.

Thecurvilinearmeshlocateroutinesreturn1 to signify success.If themeshfinds
a cell containingthe given point, it automaticallychecksthe IBLANK valuesof the
verticesof the containingcell. If any of the IBLANK valuesare0, then the return
valuefor thelocatecall is 0.
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12.9 Curvilinear surfacemeshes

Another subclass of FEL structured mesh is FEL curvilinear sur-
face mesh. The classrepresentssurfacesin x ; composedof quadrilaterals.The
classhasseveralconstructors:

FEL_curvilinear_surface_mesh(int d0, int d1,
FEL_vector3f* xyz,
const char* = name_default);

FEL_curvilinear_surface_mesh(int d0, int d1, int d2,
FEL_vector3f* xyz,
const char* = name_default);

FEL_curvilinear_surface_mesh(int d0, int d1,
FEL_vector3f_and_int* xyzi,
const char* = name_default);

FEL_curvilinear_surface_mesh(int d0, int d1, int d2,
FEL_vector3f_and_int* xyzi,
const char* = name_default);

Thed0 , d1 , andd2 argumentsspecifythestructuredmeshdimensions.If three“d”
argumentsareprovided, thenexactly oneof the threemustbe equalto 1, otherwise
the d2 dimensionis assumedto be 1. Following the “d” argumentsis a pointer to
a buffer with the coordinatedataalone(FEL vector3f* ), or the coordinatedata
with IBLANK values(FEL vector3f and int* ). The usercanquery the mesh
for coordinatesandIBLANK valuesusingthe same“at ” calls asfor other typesof
meshes.The argumentsshouldcontain0 in the “flat” dimension,i.e., the dimension
giventhevalue1 in theconstructor.

Pointlocationfor surfacemeshesis definedto meanlocatingthe2-cell(i.e.,quadri-
lateralor triangle)whosecentroidis closestto a givenpoint locationtarget w . If the
distancefrom w to theclosestcell centroidis shorterthanthelongestedgelengthof the
cell, thenthepoint locationis consideredsuccessful.Currentlyit is notpossiblefor the
userto changethethresholdfor decidingwhethera cell centroidis closeenough.

FEL alsosupportsiteratingovera surface.Theonedifferencewhenworking with
a cell iteratoranda surfaceis that the highest-dimensioncells in the mesharenow
quadrilaterals(or trianglesif simplicial decompositionis turnedon), ratherthanhex-
ahedra.Otherwise,the iteratorsareinitialized andusedjust aswith otherstructured
meshes.
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Figure12.1: A CFD visualizationof a deltawing in a single-zone,structuredmesh.
The left sideof the wing displaysedgesfrom the mesh,the right sideshows contour
linesfor apressurederivedfield. SeealsoFigures1.1and13.1.(Datacourtesyof Neal
Chaderjian,visualizationcourtesyof Tim Sandstrom.)



Chapter 13

Unstructur edMeshes

An unstructuredmeshcanbe thoughtof asa collectionof cells, without the regular
organizationof a structuredmesh.CurrentlyFEL supportstwo typesof unstructured
meshes.Thefirst, FEL tetrahedral mesh, containstetrahedra,triangles,edges,
andvertices.As partof thetetrahedralmeshconstruction,theusercanprovidesetsof
trianglesdefiningparticularsurfaces.Constructinga “tetrahedral”meshwith setsof
trianglesbut no tetrahedrais alsoallowed. The secondtype of unstructuredmeshin
FEL is anFEL scattered vertex mesh. Scatteredvertex meshesconsistsolely
of vertex cells.

13.1 Constructing a tetrahedral mesh

Theconstructorfor anFEL tetrahedralmeshlookslike:

FEL_tetrahedral_mesh(int n_vertices,
FEL_vector3f* coordinates,
int n_special_triangles,
FEL_vector3i* triangles,
int* triangle_ids,
int n_tetrahedra,
FEL_vector4i* tetrahedra,
const char* = "tetrahedral_mesh");

Here n vertices specifies the number of vertices in the mesh, coordi-
nates is an array containing the physical space coordinatesof each vertex,
n special triangles specifiesthe numberof items in the triangles array
andin the triangle ids array. EachFEL vector3i in the triangles array
specifiesthe threevertex indicesof a triangle. The argumentsn tetrahedra and
tetrahedra specifythenumberof tetrahedra,andtheverticesof eachtetrahedron,
respectively. Thevertex numberingin the triangles andtetrahedra arraysis
expectedto be FORTRAN style, i.e., the numbersshouldrefer to verticesas if they
werenumbered1 to n vertices ratherthan0 to n vertices - 1. Thebuffers
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To
0 1 2 3

0 � u
From 1 �

2 d � u
3 d �

Table 13.1: The combinations supported by FEL tetrahedral mesh for
up cells and down cells calls. Each box in the grid representsa combina-
tion of From cell dimensionand To cell dimension. Combinationsmarked with d
are supportedby down cells() , combinationsmarked with u are supportedby
up cells() . Theboxesmarked � aretrivially supportedby eitherdown cells()
or up cells() . Emptyboxesindicateunsupportedcombinations.

coordinates , triangles , triangle ids , andtetrahedra passedin to the
constructorbecometheresponsibilityof thetetrahedralmeshto deallocatewhenthey
areno longerneeded.

13.2 Cell incidencerelationships

Table13.1summarizesthe currently implementedsupportfor incidencerelationship
querieswith tetrahedralmeshes.From the tableonecansee,for example,that FEL
tetrahedralmeshessupportqueriesrequestingtheverticesof a triangle(From2 To 0),
or the tetrahedrathat a triangle is the faceof (From 2 To 3). Queriesfor From/To
combinationswhich arenot currentlysupportedreturn0.

Theadjacent cells call is supportedfor tetrahedralargumentsonly.

13.3 Canonical cell enumeration

FEL tetrahedral mesh currently supportsa canonicalenumerationof vertices,
triangles,andtetrahedra.No enumerationis currentlysupportedfor edges.Theenu-
merationfor eachtypeof cell correspondsto theorderingin which an iteratorwould
producethecellswheniteratingover thewholemesh.

13.4 Surfaces

In structuredhexahedralmeshes,onecan easily definea surfaceby holding one of
the � , � , or � indicesconstant.Suchsurfacesareoftenusedto represententitiessuch
as the fuselageof an aircraft. Specifyinga surfacein a tetrahedralmeshis not as
easy. To compensatefor this, setsof trianglescan be designatedas representinga
surfaceby themeshgenerator, andalisting of thespecialtrianglescanthenbeincluded
as part of the dataset. For instance,the unstructuredmeshfile format definedby
PLOT3D [WBPE92] supportsthespecificationof trianglesets,eachsetwith aninteger
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identity number. Note that theFEL tetrahedral mesh constructorstartswith an
arrayof trianglesandanarrayof identitynumbers,onefor eachtriangle.As partof the
construction,FEL tetrahedral mesh mustdeterminethe uniquesetof identity
numbersandthenrearrangethe trianglesinto their correspondingsets. The usercan
queryaboutthenumberof predefinedtrianglesetsandget their identity numbersvia
thetetrahedralmeshcalls:

int get_n_triangle_sets() const;
void get_triangle_set_ids(int ids[]) const;

Using one of the predefinedset identity numbers,one can initialize an iterator and
loop over the trianglesor verticesof a given surface. Seethe chapteron iterators
(Chapter16) for moredetails.

13.5 Point location

As with structuredmeshes,point locationfor a point p in tetrahedralmeshworks by
“walking” from 3-cell to 3-cell, until a cell containingp is found. The tetrahedral
meshlocate is overloaded,just asin thestructuredmeshcase,so that theusercan
providea startcell for thewalking search.If thewalking searchwith a givenstartcell
is unsuccessful,or if no startcell is given,thena globalsearchover thewholemeshis
done.

13.6 Constructing a scatteredvertex mesh

Theconstructorfor a scatteredvertex meshlookslike:

FEL_scattered_vertex_mesh(int n_vertices,
FEL_vector3f* coordinates,
const char* =

"scattered_vertex_mesh")

Thearraycoordinates containsn vertices of coordinates,i.e.,coordinatesfor
eachvertex. Theoptionalfinal argumentgivestheusertheopportunitytogiveaspecific
nameto themesh.

As with any meshsubclass,thescatteredvertex meshsupportsthestandardmem-
berfunctionsinheritedfrom FEL mesh. Cell incidencerelationshipsaretrivial, since
thereareonly 0-cells.Thecanonicalenumerationof theverticesis thesameordering
as provided to the meshconstructor. Point location is definedas locating the ver-
tex closestto the given searchpoint. Interpolationis simply nearestneighbor. The
FEL cell iter andFEL vertex cell iter bothhave thesamebehavior, i.e.,
bothiterateoververtex cells.
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Figure13.1:A CFD visualizationof a fighterusinganunstructured,tetrahedralmesh.
Theleft sideof theaircraftdisplaysedgesfrom themesh,theright sideshowscontour
lines for a pressurederived field. SeealsoFigures1.1 and12.1. (Datacourtesyof
NASA Langley ResearchCenter, visualizationcourtesyof Tim Sandstrom.)
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Transformed Meshes

For domainswherethere is sometype of symmetry, computationalscientistsoften
take advantageof thesymmetryto modela smaller, fundamentaldomain.Theresults
from modelingsuchadomaincanthenbereplicatedandtransformedto fill theoriginal
domain.For example,in someturbomachinerystudies,only onesectorof aradiallype-
riodic domainmaybesimulated.Whenvisualizingtheresultsfrom suchsimulations,
thescientistmayonly needto visualizetheresultswithin thefundamentaldomain,or
thescientistmaywish to seetheresultsreplicatedto look liketheactualturbomachine.
See,for example,Figure 14.1. In somecases,it may be sufficient to generatethe
graphicsprimitivesfor the fundamentaldomainandthendraw the primitivesrepeat-
edly, applyingadifferenttransformationeachtime. In othercases,replicatinggraphics
primitivesmaynot beenough.For instance,whenusingparticletracingvisualization
techniques,a scientistmaybeinterestedin seeingthetracescontinuebeyondthefun-
damentaldomain. In general,thereareoccasionswhenonewould like to treat the
simulationresultsas if they filled the whole original domain,without regard to any
symmetryoptimizationsthatmayhavebeenemployed.

FEL supportsthe representationof mesheswith periodicsymmetriesthroughthe
subclassesof FEL transformed mesh. Transformedmeshesareconstructedwith
an original meshand the datadescribinga particular transformation. Transformed
meshesdo not replicatethemeshdata;thusonestill enjoys mostof thememorysav-
ingsdueto not constructinga meshfor thewholeoriginal domain.At thesametime,
transformedmesheshave the sameinterfaceasordinarymeshesandcanbeusedjust
asnon-transformedmeshes,with no specialtreatment.Thetransformedmeshclasses
emulaterigid bodytransformations:translationandrotation.A transformedmeshcan
be constructedgiven any FEL meshinstance,including single-zonemeshes,multi-
zonemeshes,andevenothertransformedmeshes.Seethemeshclasshierarchyfigure
(Figure11.1)for a refresheron theFEL meshfamily.
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Figure14.1: A close-upof a periodicdomainmodelinga turbine[GBD96]. Thefun-
damentaldomainusedfor thesimulationwouldextendupwardfrom thewhite regions
at thebaseof theblades.Datacourtesyof KarenGundy-Burlet,visualizationby Tim
Sandstrom.
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14.1 How transformed mesheswork

A subclassof FEL transformed mesh is constructedwith the meshto be trans-
formed and the datarequiredfor a particular transformation� . For meshmember
functionsthatdonotdependonthemeshgeometry, suchascard andup cells , the
transformedmeshsimplydelegatesthecall to theoriginalmesh.For memberfunctions
involving themeshgeometry, suchascallsproducingcoordinatesor theboundingbox,
atransformedmeshmakesthecorrespondingcall ontheoriginalmeshandthenapplies� to theresult.For point location,a meshrepresentinga transformation� appliesthe
inversetransformation� d 6 to thegivenpoint andthencalls the locateroutineon the
originalmesh,usingtheinversetransformedpoint asanargument.

14.2 The transformed meshsubclasses

ThetransformedmeshsubclassesareillustratedunderFEL transformed mesh in
themeshhierarchy(Figure11.1).Theconstructorsfor transformedmeshclassesare:

FEL_translated_mesh(FEL_mesh_ptr m, const FEL_vector3f& t,
char* nm = "translated_mesh");

FEL_rotated_mesh(FEL_mesh_ptr, const FEL_matrix33f& r,
char* nm = "rotated_mesh");

FEL_x_rotated_mesh(FEL_mesh_ptr m, float a,
char* nm = "x_rotated_mesh");

FEL_y_rotated_mesh(FEL_mesh_ptr m, float a,
char* nm = "y_rotated_mesh");

FEL_z_rotated_mesh(FEL_mesh_ptr m, float a,
char* nm = "z_rotated_mesh");

Eachconstructortakesameshm, andanoptionalnamenm. FEL translated mesh
emulatesa translationby a vector t . The FEL rotated mesh classesemulate
rotation transformations. The rotationsare representedby a �0��� matrix r such
that given an original point w and a matrix � , the transformedpoint wa�J�����@w .
FEL alsoprovidestheclassesFEL x rotated mesh, FEL y rotated mesh, and
FEL z rotated mesh for representingrotationsaboutthe N , P , and Q axes,respec-
tively. The anglea shouldbe in degrees.Theseclassesmake it easierto constructa
meshrotatedabouta particularaxis,sinceonedoesnot have to rememberthematrix
terms. The rotationsubclassesalsomake it possibleto do someoptimizations,since
the transformationscanbecomputedin fewer floating-pointoperationsthanrequired
for thegeneralrotationcase.
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Chapter 15

Multi-Zone Meshes

Multi-zone meshesare representedin FEL by the class FEL multi mesh. A
multi-zone meshconsistsof 1 or more zones,where eachzone is a subclassof
FEL single mesh or perhapsa transformedversionof somesingle meshobject
(seeChapter14). Notethatthezonesdo not have to beall of thesametype,for exam-
ple,onecouldconstructamulti-zonemeshcontainingbothstructuredandunstructured
zones.A multi-zonemeshwith a zonethat itself is a multi-zonemeshis not allowed,
becauseobjectssuchascells that needto specifya zonecontaina single integer for
thatpurpose,andtheintegeris usedto index into a singlelevel of hierarchy.

For mostmeshmemberfunctions,a multi-zonemeshsimply delegatesthe func-
tion call to a particular zone. In particular, member functions that take an in-
coming argumentcontaininga zone numbercan be immediatelydelegated. The
FEL classesFEL cell and FEL structured pos both contain zone integers,
but FEL phys pos does not. By default, the zone in an FEL cell or an
FEL structured pos is set to FEL ZONEUNDEFINED. It is an error to call a
multi-zonemeshmemberfunction with an incoming argumentcontainingan unde-
finedzone.

15.1 Point location, IBLANK, and PLOT3D

Point locationis themostdifficult taskthata multi-zonemeshmustsupport.Givena
point w to locate,a multi-zonemeshmustfind a zoneanda cell containingw . In gen-
eral,thetaskis complicatedby thefactthatzonescanoverlap;thusw maybelocatedin
not just a singlezone,but possiblymultiple zones.Whenthereis morethanonezone
containingw , thena “best” zonemustbe chosen.Thus, to be completelythorough,
a multi-zonemeshwould attemptto locate w in every zoneandthenchoosethe best
result. The test-every-zoneapproachis effective, but too expensive for mostapplica-
tions. FEL usestwo strategiesto improve uponthe typical multi-zonepoint location
performance,sothatin mostcasesthetest-every-zoneapproachis not necessary.

Thefirst strategy for acceleratingpoint locationis thesameasthatusedwith other
FEL meshtypes:provide a startcell for the walking point location. SinceFEL cells
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containa zonenumber, an initial cell argumenteffectively providesboth a zone Q to
searchfirst andacell in Q to startfrom. If thestartcell is closeto thelocationof thenew
point w , thenit is possiblethatacell containingw canbefoundquickly. Unfortunately,
with amulti-zonemeshthereis still theproblemthatthepoint w couldbein morethan
onezone;thusevenif thegivenstartcell leadsquickly to acell � containingw , thereis
no assurancethat � is theonly cell containingw , or that � is thebestcell containingw .

Thesecondstrategy for acceleratingpoint locationaddressestheoverlappingzones
issue,andin generaltheissueof which zoneto try next if point locationin aparticular
zonefails. Thestrategy relieson PLOT3D [WBPE92] IBLANK values.Recallthatin
PLOT3D,anintegerIBLANK of ,@Q canbeusedto suggestanotherzoneQ to search.If
point locationin aparicularzonefails, thenanegativeIBLANK still makesit possible
to avoid resortingto the test-every-zonestrategy. Furthermore,if point locationin a
particularzoneis successful,thenthelackof negativeIBLANK valuescanbetakento
meanthat thereareno otherzonesoverlappinga givenpoint, thusno moresearching
is needed.

IBLANK is alsousedby PLOT3D to flagnodeswherethefield datavaluesarenot
valid (IBLANK of 0). As with curvilinearmeshes,FEL returnsanunsuccessfulpoint
locationreturncoderatherthana cell with a 0 IBLANK. In caseswherethereis more
thanone0-IBLANK-free cell containingagivenpoint,FEL mustchoosethebestone.
FEL choosesthecell with thesmallestvolume,sincesmallercellstypically comefrom
higher-resolutionmeshes.

FEL is designedto be explicit aboutfeaturesthat arespecificto a particularfile
format or CFD standard,asmuchso as is practical. For multi-zonemeshpoint lo-
cation,FEL dependsuponIBLANKs, thus the point locationcodeis PLOT3D spe-
cific. The PLOT3D dependency is madeexplicit in the FEL meshclasshierarchy:
FEL multi mesh inherits from FEL mesh, and FEL plot3d multi mesh in-
herits from FEL multi mesh (seeFigure 11.1). FEL multi mesh containsthe
vastmajorityof theinterfaceandimplementationfor multi-zonemeshes,theplot3d
classimplementspoint location.In thefuture,othermulti-zonemeshclassescanbede-
rivedfrom FEL multi mesh, eachwith its own systemfor representinginformation
analogousto IBLANK.

15.2 Constructing a multi-zone mesh

TheclassFEL multi mesh is anabstractclass;to makeaconcretemulti-zonemesh
object,onemustcurrentlyusethePLOT3D class.Theconstructorlookslike:

FEL_plot3d_multi_mesh(int n_meshes, FEL_mesh_ptr* meshes,
char* nm = "FEL_plot3d_multi_mesh");

The parametern meshes specifiesthe numberof meshes,meshes is an array of
pointersto meshes.It is the responsibilityof the multi-meshclassto deallocatethe
meshpointerarraywhenthemulti-meshis destructed.

All FEL meshesreturn IBLANK valuesof 1 by default if no IBLANK dataare
provided.ThusonecanconstructanFEL plot3d multi mesh instanceevenif the
individual zonesdo not containexplicit IBLANK information. Point locationefforts
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will tendto beslower, sincetherewill beno zonejumpinghints,andsituationswhere
apoint is containedin morethanonezonewill not bedetected.
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Chapter 16

Iterators

Iteratorsprovide an interfacefor looping over the cells in a mesh. The iterator in-
terface is independentof the particular meshtype, for example whetherthe mesh
is structuredor unstructured. FEL iteratorswork with the generalizedcell object
FEL cell ; thus iteratorscan representnot just hexahedraor tetrahedra,but also
lower-dimensionalcells such as vertices, triangles, and quadrilaterals. The class
FEL cell iter providesthe generalcell iterator functionality. FEL alsoprovides
the class FEL vertex cell iter , which is used in a mannervery similar to
FEL cell iter , exceptthattheiteratoronly representsvertices(“vertex cells”).

16.1 Basiciterator usage

Thebasicuseof iteratorsinvolvesfour operations:initialization,adonetest,advancing
to thenext element,anddereferencing.Thefollowingcodefragmentillustratesall four
operations:

FEL_mesh_ptr mesh;
FEL_vertex_cell_iter iter;
FEL_vector3f c;
int res;
...
for (mesh->begin(&iter); !iter.done(); ++iter) {

res = mesh->coordinates_at_vertex_cell(* iter, &c);
cout << *iter << " coordinates: " << c << endl;

}

The initialization is handledby the begin methodsupportedby all FEL mesh
classes.Thetestwhethertheiteratoris doneis accomplishedvia thedone() method
of iterators.Advancingtheiteratoris accomplishedvia the++iter call, andtheitera-
tor is dereferencedusingthe*iter syntax.Notehow thedereferencediteratorcanbe
usedjustasonewoulduseanFEL vertex cell argument,e.g.,asanargumentto coor-
dinates at vertex cell() . Onecanalsocall methodson *iter thatbelong
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to the FEL cell class,but onemustbe a bit carefulaboutsyntax. In C++ (andC),
the “ . ” operatorhashigherprecedencethan“* ”. Thus,for example,the expression
“*iter.get ijk() ” would parsethe sameas “*(iter.get ijk()) ”, which
would not compile since the classFEL cell iter has no methodget ijk() .
To accessthe methodsbelonging to the cell that an iterator represents,such as
get ijk() , oneshouldwrite “ (*iter).get ijk() ”. (Theoperatorrequiredto
support-> syntaxis not currentlydefinedin the library; thereforeonecannotwrite
“ iter->get ijk() ”.)

In a secondexample,wehighlight two variationsin thestyleof iteratorusage:

FEL_field_ptr field;
FEL_vertex_cell_iter iter, end;
field->begin(&iter);
field->end(&end);
for ( ; iter != end; ++iter) {

...
}

Thefirst variationshowshow onetestswhetheraniteratoris done:ratherthancalling
thedone() method,onecancreateaseparateiteratorobject,initializedby theend()
methodof meshes,andthencomparethe original iteratorwith the end objectusing
the != operator. ThepreferedFEL style is the former, i.e., usethedone() member
functionratherthanmakinga separateend object.Thelatterstyleis providedfor use
in the future with the StandardTemplateLibrary (STL) [MS96]. The examplealso
highlightsthe fact that the iteratorinitialization routines(begin() andend() ) are
accessiblevia thefield interface,soonedoesnot have to get themeshassociatedwith
a field in orderto initialize iterators.

The usageof FEL cell iter iterators is nearly identical to the vertex cell
iterator above. Where FEL vertex cell iter appearsabove, one would in-
steadwrite FEL cell iter . Calls taking FEL vertex cell argumentswould
have to be replacedwith the appropriatecalls taking an FEL cell argument.
FEL vertex cell iter objectsalways iterateover vertices. FEL cell iter
iterators, on the other hand, by default, loop over the highest-dimensioncell
type in the mesh. The cell type producedby FEL cell iter iterators is also
a function of the simplicial decompositionmode for the mesh. So, for exam-
ple, given a structuredmeshcontaininghexahedra,an FEL cell iter produces
hexahedra,or tetrahedraif simplicial decompositionis turned on. For a struc-
turedsurfacemesh(FEL curvilinear surface mesh), FEL cell iter pro-
ducesquadrilaterals,or trianglesif simplicial decompositionis on. Iteratorsover
FEL tetrahedral mesh instancesproducetetrahedra,regardlessof thesimplicial
decompositionstate.Finally, cell iteratorsover FEL multi mesh instancesproduce
thehighest-dimensioncell for eachzonein themesh.
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16.2 Iterators and ordering

FEL iteratorsallow the userto specifysubsetsof cells over which to iterate,but the
orderin which theuserseesthecellsis fixed.For structuredmeshes,iteratorsadvance
theI index thefastest,followedbyJ,thenK. SeeChapter12for adescriptionof how the
datamembersof anFEL cell aresetin orderto specifya particularstructuredmesh
cell. With unstructuredmeshes,only theI index is used.For theFEL vertex cell
iteratoron an unstructuredmeshm, the I index goesfrom 0 to m->card(0) - 1.
For the FEL cell iterator on an unstructuredmeshm, the I index goesfrom 0 to
m->card(3) - 1.

In the caseof multi-zonemeshes,FEL iteratorsprocessthe zonesin ascending
order, usingthe default orderof the meshfor eachzoneto control how the cells are
produced.

16.3 Iterating over meshsubsets

In somecases,onemaydesireto iterateoverasubsetof thecellsof ameshratherthan
every one. In orderto describea subsetof a mesh,onetypically mustknow aboutthe
meshtype, e.g.,whetherthe meshis structuredor unstructured.Unfortunately, this
impliesthatonemustgiveup someof thethemeshtypeindependenceaffordedby the
default behavior of FEL iterators.Nevertheless,meshsubsetiterationis importantin
certaincases.FEL supportsmeshsubsetiterationvia optionalpairsof keyword-value
argumentsprovidedto thebegin() initialization statement.

Table16.1lists thekeywordssupportedin iteratorinitialization. Also includedin
eachof theS, U, andMM categorieswould besubclassesof thecorrespondingmesh
class,for instance,FEL curvilinear mesh andFEL regular mesh would be
includedundertheS category. TheFEL I MAXparameterdefaultsto dim[0] - 1
for a vertex iterator with a structuredmesh. For unstructuredmeshes,FEL I MAX
defaultsto card(0) - 1. FEL J MAXandFEL K MAXarebothsetto 0.

The following excerptillustratesan examplewherethe iteratorproducesthe ver-
ticeson theK = 0 surfaceof a structuredmesh,with a strideof 2 in theI andJ dimen-
sions:

FEL_field_ptr field;
FEL_vert_pos_iter iter;
int res;
res = field->begin(&iter, FEL_K, 0,

FEL_I_STRIDE, 2, FEL_J_STRIDE, 2, 0);
if (res != 1) ...

for ( ; !iter.done(); ++iter) {
...

}

Notethatthebegin() statementabovenow hasareturnvalue,sothatthelibrary
hastheopportunityto indicatethatonehasprovidedinitialization argumentsthatare
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Keyword Default Mesh Types
FEL I MIN 0 S,U, MM*
FEL I MAX dim[0] - 1 S,U, MM*
FEL I STRIDE 1 S,U, MM
FEL J MIN 0 S,MM*
FEL J MAX dim[1] - 1 S,MM*
FEL J STRIDE 1 S,MM
FEL K MIN 0 S,MM*
FEL K MAX dim[2] - 1 S,MM*
FEL K STRIDE 1 S,MM
FEL I (none) S,MM*
FEL J (none) S,MM*
FEL K (none) S,MM*
FEL UNSTRUCTUREDSURFACE (none) U, MM*
FEL ZONE 0 MM

Table 16.1: The FEL iterator initialization keywords. The charactersS,
U, and MM in the column Mesh Types stand for FEL structured mesh,
FEL unstructured mesh, andFEL multi mesh classes,respectively. Theas-
teriskfollowing MM indicatesthat thecorrespondingkeyword is legal only if theini-
tializationis for a specificmulti-meshzone.

notvalid. For instance,thestructuredmeshinitializationroutinedetectswhenthevalue
for a parametersuchasFEL J MAXis out of range,andreturnsa valuenot equalto 1
to indicatethiserror. Notealsothatthefinal argumentto thebegin() statementmust
alwaysbe0 in orderto indicatethatareno morekeyword/valuepairsto follow.

In thecasewhereoneis initializing aniteratorfor amulti-zonemesh,someinitial-
izationkeywordsareallowedonly if onealsospecifiesthattheiterationshouldbeover
a particularzone,usingtheFEL ZONEkeyword. In Table16.1,the rows whereMM
is followedby anasteriskdesignatekeywordswhich areallowedonly in conjunction
with multi-zonemeshesif oneis selectingaspecificzone.This restrictionis dueto the
fact thatmostparameters,suchasFEL I MAXor FEL UNSTRUCTUREDSURFACE,
typically only makesensewhenappliedto a particularzone.

Theinitializationof FEL cell iter instancesis doneusingthesamesetof key-
words as for FEL vertex cell iterators. The default valuesfor the parameters
arethe sameasfor vertex iterators,exceptthat the FEL * MAXvaluesfor structured
meshesareinitialized to dim[0] - 2, dim[1] - 2, anddim[2] - 2 for theI,
J,andK indices,respectively.

For unstructuredmeshes,the FEL I MIN andFEL I MAXparametersallow the
userto control the first andlast cell in the sequenceof cells produced.Onecanalso
specify a stride via FEL I STRIDE. ParameterscontrolingJ andK are ignoredby
unstructuredmeshes.
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16.4 Iterating over surfaces

FEL iterators can also return vertices or cells from a surface. One can
have a surface either becausethe underlying mesh is a surface mesh (e.g.,
FEL curvilinear surface mesh) or becausethe iterator initialization key-
wordsimply asurface.For structuredmeshes,onecanspecifyasurfaceby holdingei-
thertheI, J,or K index ataconstantvalue.TheiteratorinitializationkeywordsFEL I ,
FEL J , andFEL K areusedfor thispurpose.For example,in thecodefragmentabove,
theiteratorinitialization specifiestheconstantK = 0 surface.With structuredmeshes,
iteratingover a surfacewill producequadrilaterals,or trianglesif a simplicial decom-
position modeis on. When iterating over a structuredsurfacewithin a hexahedral
mesh,the decompositionof the quadrilateralsinto trianglesmatchesthe tetrahedral
decompositionof thehexahedrain theoriginalmesh.

With unstructuredmeshes,sometimesthe input file specifiessetsof triangles
which are taken to be part of a surface. Each set of surface triangleshas an as-
sociatedindentification number. The user can accessthesetriangle sets via the
FEL UNSTRUCTUREDSURFACEkeyword,followedby a trianglesetID number.

16.5 Iterators and time

Whenworkingwith time-varyingdata,onetypically needsto initialize thetimecompo-
nentof thecell representedby anFEL cell iter or anFEL vertex cell iter .
Bothtypesof iteratorssupportthemethodsset time() , set physical time() ,
set computational time() , andset time step() . Usingthesetmethods,
onecaninitialize timefor aniteratorjustasonewould for anFEL cell. By default,the
timeassociatedwith acell is undefined.NotethatFEL iteratorsdonotcurrentlyiterate
over time, i.e., advancingan iterator(using++) doesnot changethe time setby set
callsdescribedimmediatelyabove. On theotherhand,theuseris freeto usetheset
callswithin theiterationto manuallychangethetime value.
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Chapter 17

Fields

17.1 Fields in general

The field classhierarchyis the centerpieceof FEL. Conceptually, a field is a contin-
uousregion of spaceover which somephysicalquantity is continuouslydefined. At
any givenspatiallocationin thefield, theassociatedphysicalquantitymayvary with
time, or it maybetime invariant. In finite-differencecomputationalsimulations,field
valuesare calculatedonly at discretepoints, but the spatialand temporalsampling
arechosento yield a reasonableapproximationto a continuousphysicalsystem.The
FEL field classhierarchyattemptsto provide a setof objectsandmethods(datatypes
andfunctions)which allow theuserto treatfinite-differencesimulationdataabstractly
ascontinuousfields,with minimal regardfor theactualunderlyingdiscretespatialand
temporalrepresentation.Moreover, theFEL field classhierarchyprovidesmechanisms
for combiningdifferentfields,andfor convertingonefield typeto another, accordingto
variousmathematicalor physicalidentities,sothatasfield valuesareretrievedthey are
operatedon by variousfunctions,andcanthusbereturneddirectly in a form suitable
for a particulartask.

17.2 Fields in context

TheFEL field classhierarchyis rootedin FEL reference counted object via
FEL mutex reference counted object , so that fieldscanbe managedusing
referencecounting,andin athread-safemanner. Referencecountingcanreduceunnec-
essarymemoryusage,a particularlydesirablefeaturein thecaseof fields,which can
bequitelarge.FEL reference counted object alsoharborsacharacterstring,
whichcanbeusedto nameany of its descendants,includingfields.

Becausefields arereferencecountedobjects,they shouldbe createdonly on the
heap(via thenew operator),usingFEL’s smartpointersashandles.More on instanti-
atingfieldslater.

79



80 CHAPTER17. FIELDS

17.2.1 Typelessfields

Deriveddirectlyfrom thereferencecountingclassesis FEL field , thetopof thefield
lineageproper. Unlikeall of theotherfield classes,which inherit from it, FEL field
is not templated,andit containsnot justacommoninterface,but commoncodeshared
by all fields, regardlessof the type of field data. This node-type-independent code
mostly providesan interfaceto the field’s mesh,andto two typesof iteratorswhich
traversethemesh.Therearealsosomefunctionsfor translatingbetweenphysicaland
computationaltime, and for retrieving variousglobal physicalquantitiesassociated
with thefield. Factoringout suchcodecommonto all fields,from themoreparochial
codeof particularfield types,not only embodiesa cleanconceptualseparation,but it
alsomayreduceredundantcodegenerationby compilersthat take an”all or nothing”
approachto templateinstantiation.

From a client’s point of view, FEL field s are importantbecausethey are the
common ancestorof all fields — hencea pointer to FEL field (typedef’d as
FEL field ptr ) can refer to a field of any type. The FEL field pointer thus
providesthemeansby whichonecanstorehandlesto potentiallydiversefield typesin
asinglehomogeneouscontainer(suchasanarray),or constructfunctionsto operateon
arbitraryfields. This featureis invaluablein writing generalpurposecode.Of course,
FEL field shavesuchagenericinterfacethatnotmuchusefulcanbedonewith them
without knowing somebasicfactsabouttheir actualinstantiations:methodsto obtain
thesefactsareprovidedby theFEL field is * field() interface.

17.2.2 Typedfields

Derived from the genericFEL field is the templatizedFEL typed field<T> .
FEL typed field<T> is parameterizedby <T>, whichis aplaceholderfor thetype
of dataprovidedat eachnode. This parameterizationallows a singlebodyof codeto
supportinstantiationof fields of any type, so long as the type supportsa few basic
arithmeticoperations(seeChapter21). FEL typed field<T> specifiesthe type-
dependentinterfacecommonto all fields – primarily the at *() calls, which pro-
vide lazy evaluationof field valuesat given locationsin spaceand time. For many
applications,the at *() calls are the heartof the FEL userinterface. In addition,
FEL typed field providesa conveniencefunctionfor producingan“eagerlyeval-
uated”field: this functionprecalculatesfield valuesat eachnode,andstorestheminto
memory. By eliminatingpotentiallyredundantcalculations,eagerevaluationmaybea
logical choiceif oneplanson makingheavy useof a highly derivedfield.

Thereareat presenteleven immediatedescendantsof FEL typed field (see
Figure17.1).Themostheavily usedtypeswill bedescribedin moredetailin following
chapters,but for now hereis a brief overview.

FEL core field<T>

A field whosenodevaluesresidein memory. Corefields are typically producedby
readinga PLOT3D solutionfile from disk, by executingget eager field() , or
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Figure 17.1: A portion of the FEL typed field hierarchy. The subclassesof
FEL derived field<T> and FEL differential operator field<TO,
FROM>do not appearin this diagram. SeeFigure20.1 for the differentialoperator
subclasses.

by explicitly associatinga meshwith a nodebuffer in a corefield constructor. See
Chapter18.

FEL paged field<T>

This is a field whosenodevaluesarepagedin from disk on demand— usefulor even
imperativefor extremelylargedatasets.SeeChapter23.

FEL derived field<TO>

Underthe lazy evaluationparadigm,derivedfields areessentiallyfilters which trans-
form field dataaspartof their retrieval. Derivedfieldsarealwaysbuilt on top of other
fields, andwhile the derivation chainscanbe arbitrarily long, theremustalwaysbe
at leastonefield at the bottomwhich canretrieve or manufacturea field value“au-
tonomously”to getthewholething started.Derivedfieldsaretemplatizedby thetype
of datathey produce.SeeChapter19.

FEL differential operator field1<TO,FROM>
FEL differential operator field2<TO,FROM>

Thesearespecializedderivedfieldswhich applythenablaoperatorto scalaror vector
fields,producingotherscalaror vectorfields,usingeitherfirst- or second-orderapprox-
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imationsfor the requiredderivatives. The differentialoperatorfields aretemplatized
by their inputandoutputtypes.SeeChapter20.

FEL constant field<T>

Constantfieldsreturnthesame(constant)valuefrom all locations.This canbeuseful
for certainapplicationswhichwantto combinefieldsalgebraically— for example,one
mightshift theframeof referenceof avelocityfield by addingaconstantvelocityvec-
tor at all points.Notethat thesameeffect canbeachievedwith derivedfield mapping
functions.

FEL mesh as field<T>

This field type in effect createsa vectorfield whoseentryat eachnodeis just thepo-
sition vectorof the node,asgiven by the mesh. Thus this field type constitutesan
adaptor, allowing oneto accessa meshusingthe field interface. Using this strategy,
for instance,onecanimplementphysical-spacecuttingsurfaceson a meshby extract-
ing isosurfacesfrom theassociatedFEL mesh as field . Themesh-as-fieldalsoal-
lowsoneto convertcomputationalcoordinatesto physicalcoordinatessimplyby using
FEL mesh as field::at structured pos() , but FEL providesa specialized
and more efficient way of doing this: coordinates at structured pos() ,
callableon any mesh.

FEL time varying field<T>

This field typeandits subclassesprovide theadditionalinterfacenecessaryto support
time-varyingdata.SeeChapter25.

FEL multi field<T>

Thisfield typeis basicallyacontainerclasscapableof managingmultiplefields.It will
beusedprimarily for supportingtransformedfields.

FEL touch counted field<T>

Thisfield typesimply sitson topof anotherfield andrecordsusagestatisticsfrom that
field. Suchstatisticscanbevery informativeduringapplicationdevelopmentor tuning,
asthey mayguidedecisionsaboutdeploymentof lazy evaluation,eagerevaluation,or
pagedfields.

FEL cached field<T>

Thisfield is built on topof anotherfield, andcachesnodequeryresultsfrom thatfield.
Fieldqueriesonrevisitednodescanbefetchedfrom thecache,potentiallysaving time
by eliminatingredundantcalculationson ahighly derivedfield.
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FEL hash cached field<T>

Similar to FEL cached field , but the cacheddatais storedin a dynamicallycre-
atedhashtable,insteadof in preallocatedmemoryasin FEL cached field . The
hashingschememaysavealot of unnecessarystoragespacein sparselyaccessedfields,
at thecostof slightly highercacheretrieval timescomparedto FEL cached field
(but still potentiallyfasterthanpurelazyevaluation,on a highly derivedfield).

17.3 Fields in detail

17.3.1 Every field hasa mesh

A key datamemberof every field is its mesh,which is representedin the field by
a FEL mesh ptr . Every instantiatedfield must containpreciselyone valid mesh
pointer. It is not possibleto createa field without supplyinga meshof thesamecardi-
nality asthedatabuffer, sinceeachnodevaluemusthaveanassociatedspatiallocation
beforeit is possibleto carryoutsuchbasicoperationsaspoint locationor interpolation.

In contrast,a givenmeshcanbeincludedby any numberof fields,includingnone
at all. A meshby itself cansupportmany purelygeometricoperations,whetheror not
any furtherdataareattachedto its vertices;anda singlemeshcanprovide thespatial
organizationfor many typesof data,whetheror not thosedataresidein memoryor are
constructedon thefly. A corefield andany derivedfieldsit supportswill alwaysshare
thesamemesh.

Thus in FEL there is a considerableasymmetrybetweenmeshesand (non-
positional)nodedata.TheFEL paradigmdependson a one-to-manybut nevertheless
tight bindingbetweena meshandits nodedata.Themainbusinessof creatinga core
field is establishingthisbinding;any derivedfield merelyinheritsits inputfields’ mesh.

The FEL mesh ptr insidea field is protected,which meansyou can’t accessit
directly. Theaccessfunctionget mesh() , which youcancall on any field, returnsa
pointerto thefield’s mesh.You canusethis pointerto constructotherfields,or to call
any of thepublicly availablemeshfunctions.For example:

void foo(FEL_field_ptr field)
{

FEL_mesh_ptr mesh = field->get_mesh();
FEL_vector3f lo, hi;
mesh->get_bounding_box(&lo,&hi);
FEL_vector3f_field_ptr coord_field =

new FEL_mesh_as_vector3f_field(mesh);
FEL_cell_iter ci;
FEL_vector3f pvec[FEL_CELL_MAX_NODES];
for (mesh->begin(&ci); !ci.done(); ++ci)

{
coord_field->at_cell(*ci,pvec);
isosurface(pvec, ...);

}
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}

Severalof thecommonlycalledmethodson FEL mesh have alsobeenput in the
FEL field interface,soyou cancall themdirectly on a field without first retrieving
thefield’s meshpointer. In thesecases,thefield merelyforwardsyour functioncall to
its mesh.Functionsin this category include:

int card(int);
int get_n_zones();
void set(FEL_set_keyword_enum, int) ;
int coordinates_at_cell(const FEL_cell&, FEL_vector3f []);
int coordinates_at_vertex_cell(const FEL_vertex_cell&,

FEL_vector3f*);
int convert_time(const FEL_time&,

FEL_time_representation_enum,
FEL_time*) const;

andtheiteratorfunctions:

void begin(FEL_vertex_cell_iter*);
int begin(FEL_vertex_cell_iter*, int, ...);
void end(FEL_vertex_cell_iter*);
void begin(FEL_cell_iter*);
int begin(FEL_cell_iter*, int, ...);
void end(FEL_cell_iter*);

SeeChapter11 for detailsof thesefunctions.

17.3.2 The at *() calls

The at *() calls allow one to retrieve field valuesat arbitrary locationsand times
within thecomputationaldomain.Locationsandtimescanbespecifiedin eithercom-
putationalor physicalcoordinates,with thepreviouslynotedexceptionthatfieldsbased
onunstructuredmeshesdon’t (can’t!) supportcomputationalspatialdimensions.Since
theat *() callsaredeclaredto returnfield valuesof a specifictype, they areintro-
ducedto thefield interfacein the templatizedFEL typed field<T> , thecommon
ancestorof all instantiablefields.

In addition to beingparameterizedby the type of field valuebeing retrieved, as
just mentioned,theat *() callsarenamedaccordingto thetypeof thefield location
beingqueried.This schemewasadopted,ratherthanoverloadingon locationtype,for
reasonsinvolving C++ functionhiding. FEL’s designdictatesthatvariousspecialized
field typesredefinecertainfunctionsthat are initially definedashigh aspossiblein
theclasshierarchy. Theat *() callsarevirtual, sothat this redefinitiongivesriseto
polymorphism.However, in C++ it is impossibleto selectively overrideonly a subset
of agroupof overloadedfunctions:if evenasinglememberof thegroupis overridden,
therestareeffectivelyhidden.Thisfunctionhidingcanonly beovercomeby redefining
theentire groupof overloadedfunctions,andfor thosethatareunchanged,providing
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explicit redirectionup the classhierarchy. This solutionis inefficient — it may take
multiple (redirected)virtual function calls to reachthe actualmethod— and it also
resultsin needlesslyclutteredclassdeclarationsanddefinitions.

FEL largelysidestepstheseissuesby renamingeachof theat *() callsaccording
to thetypeof locationbeingqueried.Thispermitsthedifferentvarietiesof at *() to
beindependentlyoverridden,at thecostof aslightly morecumbersomefunctionname.
Renamingfunctionsaccordingto their argumenttypesis known as“namemangling”,
andis thestrategyemployedbyC++compilersto distinguishbetweenoverloadedfunc-
tions. FEL is “partially mangling” the at *() interface,but hasn’t abandonedover-
loadingaltogether:the at phys pos() calls areoverloadedwith respectto other
argumenttypes.

Thepartialmanglingandoverloadingin theat *() interfaceresultsin 8 distinct
calls:

int at_vertex_cell(const FEL_vertex_cell&, T*);
int at_cell(const FEL_cell&, T[]);
int at_cell_interpolant(const FEL_cell_interpolant&, T[]);
int at_structured_pos(const FEL_structured_pos&, T*);
int at_phys_pos(const FEL_phys_pos&, T*);
int at_phys_pos(const FEL_phys_pos&, FEL_cell_interpolant*, T*);
int at_phys_pos(const FEL_phys_pos&, FEL_cell_interpolant&,

FEL_cell_interpolant*, T*);
int at_phys_pos(const FEL_phys_pos&,

const FEL_cell_interpolant&, T*);

The first three of thesecalls retrieve field valuesdirectly from nodes(or sets
of nodes),and do not involve any spatial interpolation. at vertex cell() re-
turns field valuesfrom an individual vertex in the mesh,and at cell() returns
an array of field valuesfrom the group of meshverticesmaking up a cell. The
cell can be any type supportedby FEL (seeTable 5.1), and sinceone cell type is
FEL CELL VERTEX, at vertex cell() is really just a specializedversionof
themoregeneralat cell() . Becauseno spatialinterpolationis necessaryto fetch
field valuesat cell vertices,at cell interpolant() simply disregardstheinter-
polantpart of the cell interpolant,andin all otherrespectsis essentiallythe sameas
at cell() . It is providedasaconvenienceto theuser.

The calls at structured pos() and at phys pos() can retrieve field
values at arbitrary locations, as specified in computational (structured meshes
only!) or physical coordinates,respectively. The requestedlocation may not co-
incide with a meshvertex, so sometype of spatial interpolationis necessary. In
at structured pos() the interpolationis always performedin computational
space,usingthecomputationalcoordinatessuppliedwith thequery. This is tantamount
to isoparametricinterpolation,discussedin Chapter9. With at phys pos() , the
spatialinterpolationis donein eithercomputationalspaceor physicalspace,depend-
ing onthecurrentinterpolationmode(seeChapter11for detailsaboutsettingtheinter-
polationmode). In eithercase,if repeatedandrelatively localizedat phys pos()
querieswill bemade,muchof the“set-up” work associatedwith theinterpolationcan
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beprofitablysavedandpotentiallyreused.Previouspoint locationandinterpolationin-
formationcanbecachedin anFEL cell interpolant object,andtheoverloaded
versionsof at phys pos() supportthe reuseof thesehard-won data.For this rea-
son,thereis a hierarchyof at phys pos() calls,andthemostappropriatecall for a
givenfield querydependson how muchprior knowledgeis onhand:� at phys pos(const FEL phys pos&, T*) doesglobalpointlocationto

find themeshcell enclosingthequeriedphysicalposition,builds aninterpolant
basedon that cell’s geometry, usesthe interpolantto producean interpolated
field valuewhich it storesinto T*, thendeletestheinterpolant.This is themost
expensive and most extravagantat phys pos() call, and is generallyused
only whenanisolatedfield valueis required.� at phys pos(const FEL phys pos&, FEL cell interpolant*,
T*) doesglobal point location to find the meshcell enclosingthe queried
physicalposition,builds an interpolantbasedon that cell’s geometry, usesthe
interpolantto producean interpolatedfield valuewhich it storesinto T*, then
storesthe interpolantinto FEL cell interpolant* , whenceit is returned
to the client. This is just asexpensive asthe previouscall, but at leastnow we
have thepossibilityof reusingtheinformationstoredin thecell interpolant!� at phys pos(const FEL phys pos&, FEL cell interpolant&,
FEL cell interpolant*, T*) does“local” point location, i.e. starting
in the cell of the suppliedFEL cell interpolant& . This will converge
much more quickly than a global search, if the queried physical point is
nearby;and thereis the addedbonusthat the interpolantpart of the supplied
FEL cell interpolant canbereused,if thequeriedphysicalpoint falls in
the suppliedcell. In any case,the currentcell andinterpolantarereturnedvia
FEL cell interpolant for thenext go around.This is a safeandefficient
methodif successive at phys pos() calls arehighly spatiallycorrelated,as
whenintegratinga streamline, for instance.Be warned,however, that thelocal
searchcanbemuchslowerthana globalsearch,if thedesiredphysicalpoint is
far from thesuppliedcell.� at phys pos(const FEL phys pos&, const
FEL cell interpolant&, T*) doesn’t do point location at all, but
simply assumesthe provided FEL cell interpolant is appropriateand
goesaheadwith theinterpolation.This is certainlythefastestat phys pos()
call, but risky if you’re not surethe FEL cell interpolant matchesthe
FEL phys pos . If it doesn’t, theat call mayfail, but evenworse,it maywell
succeed,andsilently producegarbagethatmayor maynot beeasilyrecognized
as such. Be sure you know what you’re doing if you use this streamlined
at phys pos variant.

All theat *() callsapplyto time-varyingfields,in whichcasetemporalinterpola-
tion maybenecessary(maybecausetemporalinterpolationis bypassedif therequested
time falls squarelyon a timestep).Thepositionalclassesin thevariousat *() calls
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all have anentryfor time,which is simply ignoredin time-invariantfields. SeeChap-
ter25 for a moredetaileddiscussionof time-varyingfields.

Theat *() callsstorethefield valuesthey retrieve into locationsspecifiedby a
user-suppliedpointer(T* ). Thereturnvalueof thefunctionitself signifiestheoutcome
of theretrieval: FEL OK for success,andothervaluesresultingfrom variousmishaps.
If the at() call fails, the returnedfield valueslot (T* ) will probablybe unchanged,
andthereturnedFEL cell interpolant will probablybebogus.SincetheT* is
frequentlyreused,it maystill point to a valid looking value,andbeunwittingly used.
ReusingabogusFEL cell interpolant mayresultin grossinefficiencies,further
failedat calls,orevenacoredump(typicalscenario:failureto createaninterpolantre-
sultsin it beingsetto NULL, andthenoneblindly usesit in anat phys pos(const
FEL phys pos&, const FEL cell interpolant&, T*) call ... SIGSEGV
lies this way). For thesereasons,goodcodingstyle,andgeneralpeaceof mind, one
shouldalwayscheckthereturnvaluesof theat *() calls.

17.3.3 Iterating over fields

As a convenience,FEL field supportsthesameiteratorinterfaceasFEL mesh. In
fact,iteratormethodsinvokedonafield aremerelyforwardedto thefield’smesh.This
shorthandsomewhat compromisesthe abstractionof a field asa continuousdomain,
but allowsamorerelaxedcodingstylein whichonesimplymakesall functioncallsoff
afield, without having to rememberwhichonesaremoremesh-related.For instance:

int foo(FEL_float_field_ptr field)
{

float f[FEL_CELL_MAX_NODES];
field->set(FEL_SIMPLICIAL_DECOMPOSI TION,0 ); // forwarded
FEL_cell_iter ci;
for (field->begin(&ci); !ci.done; ++ci) // forwarded

{
field->at_cell(*ci,f); // field method
if (any(f)<0.0)

field->coordinates_at_cell(*ci,c); // forwarded
field->at_phys_pos(average(c),&f) // field method
cout << (*ci)

<< "has negative vertex: "
<< "scalar at centroid = "
<< f
<< endl;

}
}

SeeChapter16 for a more completediscussionon the capabilitiesand usesof
iterators.
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17.3.4 Eagerfields

FEL defaultsto “lazy evaluation”of field values.This meansthatall field valuesFEL
returnsvia theat *() calls,andany intermediatevaluesrequiredfor theirevaluation,
aregeneratedonly whenneededto satisya givenat *() call. Thesoleexceptionsto
this rule aretheFEL core field nodalvalues,which residein a buffer in memory,
or perhapsondisk in thecaseof aFEL paged field . Thecreationof aderivedfield
merelysetsup an appropriatefiltering mechanism,which is not pressedinto action
until derived valuesare requested.Particularly in the caseof highly derived fields,
lazy evaluationsavesa lot of storagespaceandsetuptime, at the expenseof slower
turnaroundwhenany valuesareactuallyneeded,andpotentialredundantcalculations
if thesamelocationsarequeriedoverandoveragain.

Sometimesit might make bettersenseto evaluatederivedfields at all their mesh
verticesandstoretheseresultsin memory. Thenwhennodevaluesareneeded,FEL
merelyhasto fetch them,for immediatereturn,or for derivative or interpolationpur-
poses.This “eagerevaluation”strategy essentiallyconvertsa derivedfield into a core
field. It requiresmore storagespace,but particularly in the caseof highly derived
fields,canprovide fasterimmediateaccess,andcanalsoprovide longertermsavings
by eliminatingredundantcalculationsif thesamelocationsarerepeatedlyqueried.An
eagerfield is a field level cache.

One creates an eager field by invoking get eager field() , which is
a method on FEL typed field , so it can be called on any typed field.
get eager field() returnsaFEL pointer to thesametypeof field thatcallsit.
Thus,assuminglazy vector field is alreadydefined:

FEL_vector3f_field_ptr eager_vector_field =
lazy_vector_field->get_eager_field( );

In the caseof time-varying fields, get eager field() requiresan argument
specifyingthe computationaltime of the newly producedfield; seeChapter25 for
details.If get eager field() fails— mostlikely becauseit can’t allocateenough
memoryor, in the time-varying case,if the time is invalid — it returnsNULL. Be
sureto checkthe return value of get eager field() beforeyou do something
embarassinglike trying to dereferencea NULL pointer.

Eagerlyevaluatedfieldsareprobablya logical choiceif you arefacedwith some
combinationof thefollowing:

1. you needthequickestpossibleaccessto a field

2. you arerepeatedlyaccessinglots of locationsin thefield

3. you havea veryhighly andexpensively derivedfield

4. you haveenoughmemory

An applicationsupportinginteractive sweepingof a gridplanethrougha velocity �
vorticity magnitudefield is a goodexamplemeetingthefirst threecriteriaabove.
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17.3.5 Field type “inf ormant” functions

TheFEL field classhierarchystrivesfor polymorphicbehavior, but sometimesyoujust
can’t pretendanymoreandyou simply mustknow whatspecifictypeof field is really
beingrepresentedby somegeneralizedFEL field pointer. For suchdesperatetimes,
FEL providestype-specific“informant” functionswhich returntrueor falsedepending
on whethertheinvokingfield meetsthecriterionencodedin thefunctionname.There
aresix suchfunctions:

bool is_core_field();
bool is_time_series_field();
bool is_float_field();
bool is_vector3f_field();
bool is_plot3d_q_field();

bool varies_with_time();

ThesefunctionsaremethodsonFEL field , sothey canbecalledonany typeof field
whatsoever. Note that a given field canreturntrue for morethanoneof the queries;
only the return valuesfrom is float field() , is vector3f field() , and
is plot3d q field() aremutuallyexclusive.

An affirmative responseto an is * field() call indicatesthat thequeriedfield
really is anobjectof the queriedtype,so thata valid downcastto the queriedtype is
possible.In fact,typeconfirmationbeforedowncastingis theprimary intendeduseof
the is * field() calls.

On the otherhand,varies with time() canreturn true for any of the field
typeswhich canbebuilt on top of a time-varyingfield. Thevaries with time()
queryisgenerallyusedaspartof aswitchoroptimizationin ageneralapplication,since
themethodsandresourcesfor managingsteadyandunsteadydataaresodifferent.

Note that on a given field, varies with time() can return true and
is time series field() may returnfalse. This would happen,for example,if
thefield in questionwereaderivedfield built ontop(directlyor indirectly)of atimese-
riesfield. Keepin mind thatan is * field() call tellsyouwhereafield is declared
in theFEL classhierarchy, whereasvaries with time() tellsyouonly thatafield
hasatime-varyingmembersomewherein its individuallineage(thegroupof fieldsthat
are“chained”togetherby successivedefinitions).In biologicalterms,is * field()
callsarequeriesaboutphylogeny, andvaries with time() pertainsto ontogeny.

Usingtheinformantfunctions,onecanbetemptedto write codelike this:

int foo(FEL_field_ptr field)
{

if (field->is_float_field())
do_scalar_stuff(FEL_FIELD_TO_FLOAT_FIE LD_CAST(fi eld));

else if (field->is_vector3f_field())
do_vector_stuff(FEL_FIELD_TO_VECTOR3F_ FIELD _CAST(field ));

else
return 0;
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return 1;
}

Suit yourself,but beawarethat this explicit stylemaybecomehardto maintainif
usedwith abandon.If youhavelotsof type-dependentcode,it maybebetterto localize
thebranchpoints,saybypushingthemall insidea“Factory”class,whichmanufactures
polymorphicobjectsthatcanbepassedto type-independentfunctions.

17.3.6 Odds and ends

Min/max values

Sometimesit is usefulto know theminimumandmaximumvaluesof ascalarfield, for
exampleif oneis fine-tuningatransferfunction.To thisend,FEL providesthemethod
get min max() , which returnstheminimumandmaximumnodalvaluesof a scalar
field:

int res;
float min,max;
res = some_float_field->get_min_max(&min,& max);
if (res == FEL_OK) ...

For time-varyingfieldsthemethodrequiresanadditionalargumentspecifyingthe
computationaltime,andasusual,thefunctionreturnvaluesignalsthefinal outcomeof
thecall. Althoughthemethodis declaredon FEL typed field , it producesmean-
ingful resultsonly on float fields, i.e. fields on which is float field() returns
true . For all otherfield types,get min max() printsa messageon standarderror,
leavesthepointerargumentsuntouched,andreturnssomethingotherthanFEL OK.

In additionto takingcareof thedirty work of iteratingoverthefield in searchof ex-
trema,get min max() cachestheminimumandmaximumfield valuesonceit finds
them. On any given field, the secondandsubsequentinvocationsof get min max
merelyconjureup the cachedvalues.This is very fast,andmakesit unnecessaryfor
theclient to storetheminimumandmaximumfield valuesexplicitly.

User data

All FEL fieldshavetwo slotsfor user-defineddata:

int user_type;
void* client_data;

Thesearepartof thetop level FEL field interface,so they areavailablein any
field.

Theuser type entryis asingleuser-managedintegerthatis meantto beusedas
a simpletype-tagif, say, theuserwantsto categorizefieldsdifferentlythanFEL does.
Onescenariohasthe userassigningto the tag at field creationtime, usinga custom
enumeration.Functionscanthenbe written to branchin their treatmentof the fields
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afterexaminingthetag(but seewarningsabove in Section17.3.5.Thetagcouldalso
beusedto trackindividual instancesof fields,ratherthantypes.

Theclient data is a generalpurposepointerthatcanbeusedto associatear-
bitrary datawith a field. One simple possibility for usingclient data is just a
generalizationof the user type scenarios.The usercould attacha struct to a
field, which containedtype andinstancerecords,andperhapssomeotherusefulde-
scriptive information. Another ideais to usethe client data hook to turn tradi-
tional data-drivenframeworks inside-out:Insteadof constructinga framework which
managesfields, by explicitly associatingthemwith particularmeta-data,visualization
techniques,andso on, onecould stuff all the bookkeepinginsidethe field itself, to-
getherwith appropriatebehaviors for interactingwith certainenvironments— sothat,
in the extreme,fields could largely manage themselves. Developersshouldkeepin
mind, however, that while the client data mechanismallows fields to be arbi-
trarily enhancedandextended,suchmodificationsare likely to be relatively domain
specific,andshouldnot be confusedwith enhancementsandextensionsto the Field
EncapsulationLibrary itself.
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Chapter 18

CoreFields

The previous chapterdiscussedthe genericinterfacedeclaredfor all fields on the
FEL field andFEL typed field baseclasses.Thischapterpresentsamorespe-
cific treatmentof aparticularlyimportantsubclassof typedfield calleda corefield.

18.1 What arecorefields?

Corefields (FEL core field<T> ) arefieldswhosenodevaluesresidein memory.
This is in contrastto the varioussortsof derived fields, for which nodevaluesare
generatedonly on demand. Core fields live at the rootsof “derivation chains” (see
Chapter19)andprovideraw valueswhich derivedfieldsmodify.

Core fields are producedby reading a solution file from disk, by executing
FEL typed field::get eager field() , or by explicitly associatinga mesh
with a nodebuffer in a corefield constructor.

Reading solution files from disk is the subject of Chapter 22, and
get eager field() is discussedin Chapter17. Here we will describehow to
constructa corefield “manually” in memory. This operationis essential,for example,
if onewantsto loaddatadirectly from a field simulationinto FEL, or if onewantsto
write a file readerfor FEL.

18.2 The nodebuffer

As with any othertypeof field, constructionof acorefield requiresapreexistingmesh.
Meshesmaybecreatedby readingin afile from disk (seeChapter22),or by declaring
aFEL regular mesh. Detailsfor creatingamesh“manually” in memoryaregiven
in Chapter12 (for structuredmeshes)andChapter13 (for unstructuredmeshes).

Assuminga meshis alreadyon hand,the centraltask of creatinga corefield is
allocatinga buffer andfilling it with thenodevalues.In mostcases,thebuffer should
be allocatedon the free storeusingeitherthe new operatoror operator new (or
operator new[] , if yourcompilersupportsit). This is becausein mostcases,once

93
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thecorefield is created,memorymanagementof thenodebuffer is turnedoverto FEL,
andwhenthereferencecountto acorefield reacheszero,FEL will try to deallocateits
nodebuffer usingdelete[] . Attemptingto delete[] memorywhich hasn’t been
obtainedvia new is disastrous.

If you want to retain responsibilityfor memorymanagementof core field node
buffers,you cando soby requestingthatthecorefield “suppressdeallocation”.If this
option is chosen,the nodebuffer is left untouchedwhenthe corefield is destructed.
In this case,therefore,the memoryneednot be allocatedwith new — the memory
may be obtainedby someotherdynamicallocator, or it may be static. In any event,
theuseris responsiblefor maintaininga handleto thenodebuffer, andfor freeingthe
memoryif sodesired.Of course,theusershouldnot deallocatethenodebuffer while
thecorefield is still in use!Directionsfor choosingthe“suppressdeallocation”option
aregivenbelow.

Corefieldsaretemplatized,andcanbeconstructedwith any nodetypeT supporting
a few basicarithmeticoperations(seeChapter21). Sincethe nodebuffer musthold
a typeT for every vertex of its associatedmesh,thebuffer mustbeat leastof size(in
bytes):

mesh->card(0) * sizeof(T)

The elementsof the nodebuffer must be arrangedin the sameorder as the corre-
spondingverticesof theassociatedmesh.For structuredmeshesof dimension(idim,
jdim, kdim ), thismeansthatthesequentialmemorylayouthasidim varyingmost
rapidly, and kdim most slowly. C/C++ programmersshouldbe wary here,as this
column-majorconventionmay seemout of place(but in generalis moreconvenient
for datacomingfrom predominantlyFORTRAN solvers). For unstructuredmeshes,
thesequentiallayout is arbitraryandcompletelydeterminedby thevertex orderingin
themesh.In boththestructuredandunstructuredcases,FEL vertex cell iteratorsfol-
low the lineararrangementof meshverticesin memory, so if you arecreatinga node
buffer whosevaluesdependonvertex coordinates,anFEL vertex cell iter can
beemployedto guaranteevertex-nodecorrespondence.

For corefields with multi-elementnodetypes,basedon eitherstructuredor un-
structuredmeshes,themultipleelementsassociatedwith agivennodeshouldbelayed
outasacontiguousgroupin memory. Notethatthisnaturallayoutdiffersfrom certain
file formats,including thePLOT3D solutionfile format, in which vectorcomponents
aregroupedtogether.

18.3 Constructors and suppresseddeallocation

Therearethreecorefield constructors.With a preexisting meshandanallocatedand
filled nodebuffer, onecreatesacorefield with oneof thefollowing two constructors:
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FEL_core_field(FEL_mesh_ptr, T*, char* = "core_field");
FEL_core_field(FEL_mesh_ptr, T*, bool, char* = "core_field");

TheFEL mesh ptr argumenttakesa pointerto the intendedmeshof thecorefield.
T* shouldpoint to theheadof a nodebuffer of typeT which you have allocatedand
filled with typeT’s, accordingto the schemeoutlinedabove. Thebool argumentin
thesecondconstructoris usedto indicatewhetheror not you wantto suppressdeallo-
cationof thenodebuffer whenthecorefield’s referencecountreacheszero: true for
suppresseddeallocation(you areresponsiblefor deallocation),false for automatic
deallocation(FEL assumesmanagementof thenodebuffer). If you usethefirst con-
structor, “suppresseddeallocation”defaultsto false . Thelastcorefield constructor
argumentis anoptionalname,whichdefaultsto “core field” if youdon’t supplyamore
imaginativenameof yourown.

Thethird corefield constructor—

FEL_core_field(FEL_mesh_ptr, FEL_pointer< FEL_core_field<T> >,
char* = "shared_core_field");

— takes a pointer to a preexisting corefield ratherthan a pointer to a nodebuffer,
andcreatesa new corefield by binding the nodebuffer of the preexisting corefield
to the incomingmeshrepresentedby FEL mesh ptr . This resultsin two corefields
which sharea singlenodebuffer but associatethedatawith differentmeshes.For this
to make sense,thedifferentmeshesmusthave thesamenumberof vertices(mesh1-
>card(0) == mesh2->card(0) ) — if this is not thecase,badthingswill hap-
pen. In a “sharedcore field” the nodebuffer is a sharedresource,so the suppress
deallocationoptiondefaultsto true .

As we have just seen,the suppressdeallocationoption on a core field is set at
constructiontime,eitherimplicitly or explicitly, but it canalsobechangedat any time
by a set call, if youchangeyourmind aboutnodebuffer memorymanagement:

// FEL deletes buffers:
my_core_field->set(FEL_SUPPRESS_DEAL LOCATION, 0);
// you’re on your own:
my_core_field->set(FEL_SUPPRESS_DEAL LOCATION, 1);

It’ s probablynot a goodideato setsuppressdeallocationto false(0) on a sharedcore
field.

18.4 An example

Here is a rathercontrived examplewhich constructsa core field “manually”. See
Chapter12 for a descriptionof FEL regular mesh, andChapter16 for detailson
FEL vertex cell iter .
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#include "FEL.h"

int main()
{

int idim=3,jdim=4,kdim=5;

FEL_mesh_ptr mesh =
new FEL_regular_mesh(idim,jdim,kdim,1,1,1 );

FEL_vector3f* node_buffer =
new FEL_vector3f[mesh->card(0)];

assert (node_buffer);

int n=0;
FEL_vertex_cell_iter iter;

// fill node buffer:
for (mesh->begin(&iter);!iter.done();+ +iter )

{
int i = (*iter)[0];
int j = (*iter)[1];
int k = (*iter)[2];
node_buffer[n++].set(atan2(j,i),

atan2(k,sqrt(i*i+j*j)),
sqrt(i*i+j*j+k*k));

}

// create core field
// (suppress deallocation default is false)
FEL_vector3f_field_ptr my_core_field =

new FEL_core_field<FEL_vector3f>
(mesh, node_buffer);

FEL_vector3f v;

for (mesh->begin(&iter);!iter.done();+ +iter )
{

my_core_field->at_vertex_cell(*ite r,&v) ;
cout << *iter << " : " << v << endl;

}

my_core_field = NULL; // node_buffer delete[]’d

return 0;
}
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18.5 get eagerfield()

Corefieldsarealsogeneratedby theget eager field() call. Thismethod,avail-
ableon any field, evaluatesthefield at everyvertex andwritestheresultsinto a newly
allocatednodebuffer, which is boundto themeshof thecalling field. This functionis
typically usedto convert a lazily evaluatedderivedfield into a corefield, for quicker
accesstime, but could conceivably be usedto duplicatean existing corefield, in the
unlikely eventthiswasuseful.Moreverbiageonget eager field canbefoundin
Chapter17.
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Chapter 19

DerivedFields

19.1 What is a derived field?

A “derivedfield” is afield whosevaluesarecomputed(derived)from oneor moreother
fields. The derivation referredto hereinvolvessomekind of mathematicalmapping,
andshouldnotbeconfusedwith theC++senseof derivation(althoughtheFEL derived
field classesdo inherit from otherclasses).

A derived field is essentiallya filter, built on top of somenumberof component
fields. Thederivedfield andall its componentfieldsnecessarilysharethesamemesh.
Whenthederivedfield is queriedfor a valueat somelocation,it forwardstherequest
to its componentfields,gathersthevaluesreturnedby thecomponentfields,andthen
transformsthesefield valuesaccordingto somefunctionbeforepassingthembackto
thecaller.

The function that the derivedfield usesto produceits valuesfrom its component
field valuesis calleda mappingfunction. As its namesuggests,themappingfunction
mapscomponentfield valuesinto derived field values. The mappingfunctionsare
eitherpredefinedby the library (moreon thesebelow) or user-defined. User-defined
mappingfunctionsallow arbitrarytransformationsof field datato be encapsulatedin
theretrieval process,sothatfield querieson derivedfieldscanreturndatadirectly in a
form suitablefor a particulartask.

The componentfields of a derived field canbe of any type, including other de-
rivedfields. This lastpossibilityallows “derivationchains”of arbitrarydepth,andat
any level the threetypesof componentfieldscanbe freely mixed. Naturally, several
differentderivedfieldscansharecomponentfields. Thusan applicationcanbuild an
arbitarilycomplex setof derivedfields,but their relationshipscanalwaysbedescribed
by adirectedacyclic graphof oneor morecomponents.Sincequeriesonderivedfields
arealwaysforwardedto componentfields,any givenderivation“lineage” musteven-
tually terminatein a field typecapableof producinga valueautonomously. Thefield
typesthat fit this bill arecorefields (which pull a valuefrom memory),pagedfields
(which pull a valuefrom memoryor disk), “meshasfields” (which usemeshcoordi-
natesasfield values),andconstantfields (which simply returnthe samevaluefor all

99
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queries).

19.2 Lazy vs. eagerevaluation

By default,evaluationof derivedfield quantitiesis completelydemanddriven.Thatis,
no field valuesaregeneratedwhena derivedfield is created:derivedfield quantities
arecomputedonly in responseto aclientquery. Thisstrategy is variouslydescribedas
lazyevaluation, or deferredevaluation, or apull model.

Becauseof the lazy evaluationparadigm,creationof derived fields requiresvery
little timeandstorage.Internalcreationof aderivedfield consistsmainlyof registering
thecomponentfieldsandmappingfunction,which arerepresentedby pointersin the
derivedfield. On our workstations(SGI R10Ks),creationof a derivedfield requires
about30 microseconds,andabout200 bytesof memory. Thusit is quite reasonable
for an applicationto presentmany derived fields (hundreds,or more!) to a useras
selectableoptions,creatingthemeitherat startuptime or on demand,even if mostof
thefieldsareneverused.

Thedownsideof thelazyevaluationschemeis lengthierderivedfield valueretrieval
times,comparedto corefields,sincethederivedfield mustmanufactureits valueson
demand.For simplederivedfields(singlecorecomponentfield, mappingfunctionre-
quiringonly localvalues)retrieval timesareabout25%longerthancorefield retrieval.
As thederivationchaincomprisesmorecomponentfieldsandmoreinvolvedmapping
functions,thederivedfield retrieval timesincreaseaccordingly.

If retrieval time is at a premiumandamplestoragespaceis available, it may be
desirableto precalculateandstorederivedfield valuesacrosstheentiredomain,or at
leastretainandreusethosederivedfield valueswhicharegeneratedto satisfyclient re-
quests.Thefirst of theseaimscanbeaccomplishedby wayof get eager field() ,
a methodon FEL typed field which iteratesover all verticesof its invoking field
and writes their valuesinto newly allocatedstorage. This converts a derived field
into a corefield1, andmay be the logical choiceif onewantsto minimize retrieval
time on a highly derivedfield. Thesecondoptionabove canberealizedby creatinga
FEL cached field on top of a derivedfield, which retainsderivedfield valuesin
a cache,andattemptsto satisfyclient requestsfrom the cachebeforederiving anew.
Cachedfieldsmaybeusefulif a derivedfield is going to beaccessedrepeatedly. Ex-
amplesof creatingeagerandcachedfieldsaregivenbelow.

19.3 Mapping and interpolating

There are two distinct types of derived fields in FEL: FEL map then inter-
polate derived field* and FEL interpolate then map der-
ived field* . As the namessuggest,the differencebetweenthesetwo types
dependson whetherthe mappingfunction is appliedbeforeor after any necessary
interpolation. More specifically: To satisfy a generalphysical or computational
spacequery(i.e., at phys pos() or at structured pos() ), a field mustfirst

1... or canalsobeusedto generateacopy of acorefield, in theunlikely eventthiswasdesired.
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perform point location to determinewhich gridcell containsthe query point. Then
field valuesareobtainedfor eachvertex of thisenclosingcell andusedto interpolatea
field valueat theenclosedpoint.� In an FEL map then interpolate derived field* , the derived field

queriesits componentfield(s) at eachvertex of the enclosingcell, appliesthe
mappingfunctionateachvertex to convertcomponentfield quantitiesto derived
field quantities,theninterpolatesthederivedfield quantityat thequerylocation.� In an FEL interpolate then map derived field* , the derived field
queriesits componentfield(s) at eachvertex of the enclosingcell, interpolates
the componentfield quantitiesat the query location,thenappliesthe mapping
functionto convert thecomponentfield quantitiesto thederivedfield quantity.

The relative order of mapping and interpolation can make a big difference
in the final derived field value, particularly if the mapping function is nonlinear.
Which ordering is most “appropriate” dependson the problem at hand. In ad-
dition to numerical implications, there are efficiency considerations:mappingbe-
fore interpolationinvokes the mappingfunction on every vertex (potentiallyexpen-
sive for a complex mappingfunction) but interpolatesonly a single variable; in-
terpolatingbeforemappinginvokes interpolationon all componentfield values(po-
tentially expensive if thereare several componentfields, with complex nodetypes)
but appliesthe mappingfunction only once. The built-in derived fields are all of
type FEL map then interpolate derived field* . This option produces
the sameresultsone getswith precalculated(eagerlyevaluated)componentfields.
Note that for vertex-basedqueries(i.e., at cell() ), which entail no interpola-
tion, the distinction betweenFEL map then interpolate derived field*
andFEL interpolate then map derived field* is immaterial.

19.4 Built-in derived fields

FEL providesseveral“prepackaged”derivedfields.Thedifferentialoperatorfieldsare
specializedderivedfieldswhicharediscussedseparatelyin Chapter20. Therestof the
FEL built-in derivedfields areeachbriefly describedin the following list. The sam-
ple declarationsindicatethetypeof thederivedfield produced,andalsothetype(s)of
the componentfields which mustbe providedasarguments.The genericcomponent
fields float field andvector3f field representfields alreadycreatedin an
application,from which you want to derive somenew fields. The newly createdde-
rivedfieldsarecalledderived float field andderived vector3f field .
All derived fields aretemplatized,but for clarity the typedef’d namesareusedhere.
Thereforefurthervariationson thesebuilt-in derivedfieldscanbegeneratedby using
thetemplatizeddeclarationsdirectly.� FEL float field ptr derived float field =

new FEL magnitude of vector3f field(vector3f field);
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derived float field now pointsatanewly createdscalarfield whoseval-
uesarethelengths(Euclideannorms)of thevectorsat thecorrespondingpoints
in vector3f field .� FEL float field ptr derived float field =
new FEL absolute value of float field(float field);

derived float field now pointsatanewly createdscalarfield whoseval-
uesare the absolutevaluesof the scalarvaluesat the correspondingpoints in
float field .� FEL float field ptr derived float field =
new FEL negate of float field(float field);

derived float field now pointsatanewly createdscalarfield whoseval-
uesarethe additive inversesof the scalarvaluesat the correspondingpointsin
float field .� FEL vector3f field ptr derived vector3f field =
new FEL negate of vector3f field(vector3f field);

derived vector3f field now pointsatanewly createdvectorfield whose
valuesaretheadditive inversesof thevectorvaluesat thecorrespondingpoints
in vector field – thatis, thecorrespondingvectorsin vector field and
derived vector field haveequalmagnitudesbut oppositedirections.� FEL float field ptr derived float field =
new FEL sum of float field(float field1, float field2);

derived float field now points at a newly createdscalarfield whose
values equal the sum float field1 and float field2 at corre-
spondingpoints – that is, derived float field = float field1 +
float field2 .� FEL vector3f field ptr derived vector3f field =
new FEL sum of vector3f field(vector3f field1, vec-
tor3f field2);

derived vector3f field now points at a newly createdvector field
whose values equal the vector sum of vector3f field1 and vec-
tor3f field2 at correspondingpoints– that is derived vector field
= vector3f field1 + vector3f field2 .� FEL float field ptr derived float field =
new FEL difference of float field(float field1,
float field2);

derived float field now pointsatanewly createdscalarfield whoseval-
uesequalthedifferencesbetweenfloat field1 andfloat field2 atcor-
respondingpoints– that is, derived float field = float field1 -
float field2 .
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new FEL difference of vector3f field(vector3f field1,
vector3f field2);

derived vector3f field now pointsatanewly createdvectorfield whose
valuesequal the differencevectorsbetweenvector3f field1 and vec-
tor3f field2 at correspondingpoints– thatis, derived vector field
= vector3f field1 - vector3f field2 .� FEL float field ptr derived float field =
new FEL product of float field(float field1,
float field2);

derived float field now points at a newly createdscalarfield whose
valuesare the productsof float field1 and float field2 at corre-
spondingpoints – that is, derived float field = float field1 *
float field2 .� FEL float field ptr derived float field =
new FEL quotient of float field(float field1,
float field2);

derived float field now points at a newly createdscalarfield whose
valuesare the quotientsof float field1 and float field2 at corre-
spondingpoints – that is, derived float field = float field1 /
float field2 .� FEL float field ptr derived float field =
new FEL dot of vector3f field(vector3f field1, vec-
tor3f field2);

derived float field now points at a newly createdscalarfield whose
values are the scalar or dot products of vector3f field1 and vec-
tor3f field2 .� FEL vector3f field ptr derived vector field =
new FEL cross of vector3f field(vector3f field1, vec-
tor3f field2);

derived vector field now pointsat a newly createdvectorfield whose
valuesare the vector or cross productsof vector3f field1 and vec-
tor3f field2 .� FEL float field ptr derived float field =
new FEL component of vector3f field(vector3f field, i);

derived float field now pointsatanewly createdscalarfield whoseval-
uesarethe ���$� componentof the vectorsat the correspondingpoints in vec-
tor3f field . Componentnumberingstartsat 0.� FEL float field ptr derived float field =
new FEL component of plot3d q field(plot3d q field, i);
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derived float field now pointsatanewly createdscalarfield whoseval-
uesarethe ���$� componentof thePLOT3D solutionvectorsat thecorresponding
pointsin plot3d q field . Componentnumberingstartsat 0.

19.4.1 Customizing the built-in derived fields

As mentionedabove, derivedfields aretemplatized,andthe built-in fields areno ex-
ception: the examplesjust shown usetypedef’d versionsto hide the templatesyntax.
You canachievesomelevel of customizationof thebuilt-in derivedfieldsby usingthe
templatesyntaxdirectly.

Thetemplateddeclarationsof thebuilt-in derivedfieldslook like this:

template <class TO, class FROM>
class FEL_magnitude_field;

template <class TO, class FROM>
class FEL_absolute_value_field;

template <class TO, class FROM>
class FEL_negate_field ;

template <class TO, class FROM1, class FROM2>
class FEL_difference_field;

template <class TO, class FROM1, class FROM2>
class FEL_sum_field;

template <class TO, class FROM1, class FROM2>
class FEL_product_field;

template <class TO, class FROM1, class FROM2>
class FEL_quotient_field;

template <class TO, class FROM1, class FROM2>
class FEL_dot_field;

template <class TO, class FROM1, class FROM2>
class FEL_cross_field;

template <class TO, class FROM>
class FEL_component_field;

In thesedeclarations,the TO and FROMclassesare the templateparameters,or
“type placeholders”. The FROMparametersrepresentthe type(s)of the component
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field(s), and the TO parameterrepresentsthe type that is derived from them. These
parametersmustbereplacedwith theactualinputandoutputtypesof thederivedfield
youwish to construct– usingtheappropriatesyntax,of course.

For example,say you want to multiply a vector field by a scalarfield, that is,
you want a derived vector field which scalesthe vectorsof one of its component
fields by the scalarvaluesof its other componentfield. Here’s a declarationusing
FEL product field :

FEL_vector3f_field_ptr scaled_vector_field =
new FEL_product_field<FEL_vector3f, FEL_vector3f, float>

(unscaled_vector_field, float_field);

The argumentsin the <>’s arethe templateparameters.The first suchargument
is theTO type: this derivedfield will producevectors.Thesecondandthird template
parametersaretheFROMtypes– in otherwords,thetypesof thecomponentfieldsfrom
which thederivedfield will produceits values.

The argumentsin the () ’s are fodder for the derived field’s constructor. These
argumentsare pointers to fields of type FROM1and FROM2– in this case, an
FEL vector3f field ptr , andanFEL float field ptr , respectively. These
fieldsmustbothsharethesamemesh,andmustbeproperlyinitialized at thetime the
derivedfield is constructed.All theconstructorsfor thebuilt-in derivedfields require
pointersto fieldsof theFROMtypes(and,optionally, anamefor thefield).

In this example derived field (scaled vector field ), the vectorsof un-
scaled vector field arescaledby thefloatingpointvaluesof float field at
correspondinglocations.Onecould invoke a single(locationinvariant)scalingfactor
by makingfloat field anFEL constant field (seeChapter17).

19.5 PLOT3D derived fields

In additionto thegenericbuilt-in derivedfieldsdescribedin thelastsection,FEL sup-
plies over fifty specificderived fields definedby PLOT3D. Thesepredefinedderived
fieldscanbecreatedby calls to specializedconveniencefunctions,or by enum’ed re-
queststo a PLOT3D “field manager”.For moreinformationon bothof theseoptions,
seeChapter24.

19.6 Constructing a customderivedfield

If thebuilt-in derivedfieldsdon’t offer thefunctionalityyouneed,youcandefineyour
own from scratch.And evenif youcanachievethesamefunctionalityby othermeans,
encapsulatingcertaindatatransformationsin a derived field canbe an effective pro-
grammingstrategy. Themostimportantandinvolvedstepin definingaderivedfield is
creatingthemappingfunction.
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19.6.1 Writing a mapping function

Themappingfunctiondefineshow derivedfield dataareactuallyderivedfrom thecom-
ponentfield(s). Themappingfunctionmustbedeclaredanddefinedby theuser, and
passedto aderivedfield constructorasapointer. Eachof thederivedfield constructors
expectsa pointerto a functionwith oneof threeprototypes,dependingon whetherthe
derivedfield operateson one,two, or threecomponentfields:

int map_func(const FEL_solution_globals&,
const FROM1*,
void*,
TO*)

int map_func(const FEL_solution_globals&,
const FROM1*, const FROM2*,
void*,
TO*)

int map_func(const FEL_solution_globals&,
const FROM1*, const FROM2*, const FROM3*,
void*,
TO*)

Of course, you can name your own mapping function whatever you’d like;
“map func” is usedheresolelyasanillustration.

TO, FROM1, FROM2,andFROM3aretemplate“type placeholders”,which are
replacedby actualtypesin actualmappingfunctiondeclarationsanddefinitions.The
only differenceamongthethreeprototypesis thenumberof FROMs,whichcorresponds
to thenumberof componentfields in thederivedfield. In all cases,theTOparameter
representsthenodetypeof thederivedfield itself. Thus,theFROMsrepresenttheinput
to the mappingfunction, the TO representsthe output,and the gutsof the mapping
functionjust specifyhow theFROMsproducetheTO.

Hereis anexampleof a mappingfunction,which calculatesthemagnitudeof the
differencebetweentwo input vectors. This canbe usedto constructa derived scalar
field, whoseisosurfaces,for instance,show thespatialpatternof discrepancy between
two vectorfields.

int vector_difference_mag(const FEL_solution_globals&,
const FEL_vector3f* v0,
const FEL_vector3f* v1,
void*,
float* mag)

{
*mag = FEL_magnitude(*v0 - *v1);
return 1;

}
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This function just subtractsoneinput vector(v1 ) from the other(v0 ) andpasses
thevectorresultto FEL magnitude , whosefloatingpoint returnvalueis storedinto
the locationpointedto by mag. The FEL solution globals& andvoid* are
unnamedhereto precludecompilerwarningsaboutunusedvariables.The first three
argumentsmust be declaredconst to inform the compiler that they arenot modi-
fied by themappingfunction. You mustbesureto includetheseconst declarations,
andyou mustbe sureto honorthem(i.e., don’t try to modify theseargumentsin the
mappingfunction), or your codewill not compile. Also notethat the first argument
is a referenceandmustbe so declared. Omitting either the const qualifier or the
referencedeclarator(“&”) will usuallycausea compilererrorin thederivedfield con-
structortakingthis mappingfunction(with a messagelike “no instanceof constructor
[for whateverderivedfield you aretrying to make] matchestheargumentlist”).

Thetransformationof FROMsto TOmayinvolveany sortof mathematicalgymnas-
tics onewishes.Additional datawhich may(or maynot) figure in thetransformation
areavailablefrom theFEL solution globals and(if youprovide it) thevoid* .

Using the FEL solution globals

TheFEL solution globals containacollectionof valuesassociatedwith thede-
rivedfield. Fourof thesevalues–

float free_stream_mach;
float alpha; // angle of attack
float reynolds_number;
float time; // usually not used

– areultimately taken from the PLOT3D solutionfile headerof the first component
field (or oneof its ancestors,if it is aderivedfield itself). Sincethemultiplecomponent
fieldsof a derivedfield mustsharea commonmesh,they will typically alsosharethe
sameheaderdata;but becarefulif you aresomehow combiningdisparatedata.There
area handful of other fields in the FEL solution globals structurewhich are
usedby variousbuilt-in mappingfunctions.

Here is anothersamplemappingfunction, which is set up to receive a veloc-
ity vector input andusesthe the free stream mach andalpha valuesfrom the
FEL solution globals to calculatetheperturbationvelocity:

int perturbation_velocity(const FEL_solution_globals& sg,
const FEL_vector3f* v,
void*,
FEL_vector3f* pv)

{
FEL_vector3f vinf;
vinf[0] = sg.free_stream_mach * cos((M_PI/180.) * sg.alpha);
vinf[1] = sg.free_stream_mach * sin((M_PI/180.) * sg.alpha);
vinf[2] = 0.; // no sideslip angle beta ...
*pv = *v - vinf;
return 1;

}
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Client data via void*

The void* canbe usedto provide arbitraryclient datato the mappingfunction. At
creationtime, you canregistera void* with the derived field, andthis pointerwill
bepassedto themappingfunctionevery time it is invoked. This mechanismprovides
themappingfunctionwith directionsto find any additionaldatait mayrequire– data
which canbespecificallyupdatedfor agivenqueryon thederivedfield.

An exampleusingclientdatapassedto amappingfunctionwill begivenbelow.

Handling exceptionalcases

Mappingfunctionsmayencounterproblematicdata.For example,amappingfunction
may receive a “0” input valuewhich figuresin the denominatorof someexpression.
Singularcaseslike thesecan be indicatedby the int return value of the mapping
function.Thederivedfield at call sforwardthis returnvalueto theclient. As usual,
theclient shouldcheckthe returnvalueof theat call , andbe preparedto respond
appropriately. Ignoring the return value is perilous: if the at call fails, the field
value“return slot” will not be updated,andthereforewill containstaleandpossibly
misleadingdata.

19.6.2 Derivedfield declarationsand constructors

Thereare two typesof derived fields, which allow you to determinethe relative or-
deringof mappingandinterpolation(seeSection19.3). If you want mappingto pre-
cedeinterpolation,useFEL map then interpolate derived field* . If you
want interpolationto precedemapping,useFEL interpolate then map der-
ived field* .

The * ’s in theseclassnamesarewildcardsfor thenumberof componentfieldsof
thederivedfield. The* shouldbereplacedby “1”, “2”, or “3”, asappropriate.

Thenon-built-in derivedfieldsmustbedeclaredusingtemplatesyntax. The tem-
plateargumentsareenclosedin anglebrackets(<>s), immediatelyfollowing the de-
rivedclasstypespecifier. Thetemplateargumentsspecifythetypeof thederivedfield
itself (the output type of the mappingfunction), and the type(s)of the component
field(s) (the input type(s)of the mappingfunction). The derived field type (TO) is
givenfirst, followedby thecomponentfield type(s)(FROM).

A derivedfield which implementsa“dot product”operationtakestwo vectorfields
(FROM1andFROM2) andusesthemto calculatea floatingpoint value(TO). Thetem-
platepartof thedeclarationwould look like:

FEL_map_then_interpolate_derived_fi eld2< float , FEL_vector3f,
FEL_vector3f>

or

FEL_interpolate_then_map_derived_fi eld2< float , FEL_vector3f,
FEL_vector3f>
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Following theangle-bracketedtemplateargumentsis a parenthesizedlist of argu-
mentsfor the derived field’s constructor. In order, thesearea list of pointersto the
componentfields, a pointer to the mappingfunction, a pointer to client data,andan
optionalname.Thecomponentfield pointersshouldbelistedin thesameorderasthey
appearin themappingfunction– thisorderingestablishesthecorrespondencebetween
componentfield valuessentto andreceivedby the mappingfunction. In both C and
C++ using“&” to gettheaddressof a functionis optional,sothenameof themapping
function will serve asa pointer; however, by all meansuse“&” if it makesyou feel
better.

Assuming that we already have on hand component vector fields in-
put vector field1 and input vector field2 , and a mapping function
make dot product that converts two vectorsinto a float, completederived field
declarationsfollow:

FEL_float_field_ptr dot_product_field =
new FEL_map_then_interpolate_derived_fie ld2

<float, FEL_vector3f, FEL_vector3f>
(input_vector_field1, input_vector_field2,

make_dot_product, NULL);

FEL_float_field_ptr dot_product_field =
new FEL_interpolate_then_map_derived_fie ld2

<float, FEL_vector3f, FEL_vector3f>
(input_vector_field1, input_vector_field2,

make_dot_product, NULL, "my_dot_product_field");

The ‘‘NULL’’ argumentfills the slot for the (unused)void* client data. In
the secondexample,we’ve given the derived field an (optional)name,which canbe
retrieved via dot product field->get name() . It often improvesreadability
to breakup the templateandconstructorargumentsover several lines,aswe’ve done
here.A healthycompilerwon’t mind.

19.6.3 Derived field checklist

Declaringand constructinga derived field requiressomeplanning. Here is a little
checklist:� Map then interpolate, or interpolate then map? The relative or-

dering of these two operations is determined by the type of de-
rived field you construct; i.e., there are separate types of derived
fields (FEL map then interpolate derived field* and
FEL interpolate then map derived field* for each option.
SeeSection19.3above.� How many componentfieldsarethere?Componentfieldsarethe“input” to the
derivedfield, from which its valuesarederived. FEL allows one,two, or three
componentfields. This numberimmediatelyfollows “ field ” in thecomplete
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derivedfield classname.It is unusualto needmorethanthreecomponentfields.
If you have more than this numberof componentfields, you may be able to
“f actor” thederivationinto parts,eachinvolving threeor fewercomponents,and
constructtheoverallderivationincrementally.� What are the component field types? These types (typically float ,
FEL vector3f , or FEL plot3d q) areneededfor the templatearguments
in thederivedclassdeclaration.� Whatarethecomponentfield instances?Thecomponentfields(of thetypesjust
mentionedin the item above) on which the derived field is built needto exist
whenthederivedfield is constructed.FEL pointersto thesefieldsarepassedas
argumentsto thederivedfield constructor.� Whatis themappingfunction?Themappingfunctionconvertscomponentfield
typesto the type of the derived field itself. A pointerto this function mustbe
providedto the derivedfield constructor. (Or at leastonemustprovide a func-
tion pointerof theappropriatetype,which shouldactuallypoint to a functionof
the approriatetype whenthe derived field is queried. By redirectingthe func-
tion pointerregisteredwith thederivedfield, onecoulddynamicallychangethe
derivation,basedon someconditions,justprior to queryingthefield...)� Are thereany client datawhich needto be passedto the mappingfunction?
A pointercanbe registeredwith the derived field at constructiontime, which
providesarbitrarydatato themappingfunction.Thedatacanbechangedat any
time, for instance,justprior to queryingthefield.

19.6.4 A more or lesscompletederived field example

Hereis an examplewhich constructsa derived field representingthe signeddistance
from a plane.Sucha field couldbeusedin conjunctionwith an iosurfaceroutine,for
instance,to implementacuttingplaneroutine.

typedef struct
{

FEL_vector3f n; // normal
float p; // point

} hessian; // Hessian normal form of a plane

// the mapping function
int signed_distance(const FEL_solution_globals&,

const FEL_vector3f& test_point,
void* plane, // client data
float* dist)

{
hessian* hnf = (hessian*)plane;
// calculate signed distance
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*dist = FEL_dot(hnf->n, test_point) + hnf->p;
return 1;

}

int cutting_plane(FEL_plot3d_field_ptr plot3d_field,
hessian* plane,
FEL_float_field_enum scalar_field)

{

FEL_mesh_ptr mesh = plot3d_field->get_mesh();

// "convert" mesh to position vector field
FEL_vector3f_field_ptr pvec =

new FEL_mesh_as_vector3f_field(mesh);

FEL_float_field_ptr distance_field =
new FEL_map_then_interpolate_derived_ field 1
<float,FEL_vector3f>
(pvec, signed_distance, plane);

FEL_float_field_ptr color_by_field =
plot3d_field->make_float_field(scalar_ field );

// colormapping via "color_by_field"
isosurf(distance_field, color_by_field, ...);

}

In this example,thetypedef’d structhessian containsa point andnormaldefin-
ing aplane.Themappingfunctionsigned distance() usesthepointandnormal
to calculatethe signeddistancefrom the plane(negative on oneside,positive on the
other) to an incoming test point . The mappingfunction is usedby the derived
field distance field , alongwith the planeequation,which is providedasclient
data(actualargumentplane ) to thederivedfield constructor. Thederivedfield is built
ontopof asinglecomponentfield — pvec — whichis afield of thepositionvectorsof
theunderlyingmesh,courtesyof theadaptorclassFEL mesh as vector3f field
(seeChapter17). Whendistance field is queriedfor a valueat agivenlocation,
it returnsa signedscalarindicatingthe distanceof the querylocationfrom the plane
describedin plane . Thusanat cell() call on distance field will returnan
arrayof valuesindicatingthedistanceof eachvertex of a cell from a plane. Interpo-
lating the0-valuedsurfaceon this field (via marchingcubes,or thelike) will yield the
cuttingplanespecifiedby plane .



112 CHAPTER19. DERIVED FIELDS

Figure19.1: A visualizationillustratingseveralusesof derivedfields. Thewhite line
originatingfrom the trailing edgeof theshuttlewing is a streamlinetracedin theve-
locity derivedfield. Usingthestreamlineasa local frameof reference,cuttingplanes
wereconstructedasin theexamplein this chapter, andtheneachplanewastrimmed
to a disk. Texturedon eachdisk is the pressurederivedfield. Visualizationby Chris
Henze.



Chapter 20

Differ ential Operator Fields

20.1 Gradient, divergence,and curl

TheFEL differentialoperatorfieldsarespecializedderivedfieldswhich applythedif-
ferentialoperatorsgrad,div, andcurl, to a preexisting basefield, in three-dimensional
Euclideanspace.Thethreeoperatorsaretypically written in termsof asingleoperator,
thenablaoperator( � ).

20.1.1 Grad

Thegradientoperatoractson a scalarfield andproducesa vectorfield indicatingthe
local directionandmagnitudein which the scalarfield is changingmost rapidly. In
Cartesiancoordinates,where � is a scalarfield, �M�R���$NO�%P���QS� :���2� 
��M���X����� �� N�� 3�� �� Pa  3¡� �� Q�¢
Thegradientvectorsarealwaysperpendicularto the level surfaces(isosurfaces)of � .
Thespatialderivativeof � in any directionis just theprojectionof thegradientvector
on thatdirection.

20.1.2 Div

Thedivergenceoperatoractsonavectorfield andproducesascalarfield indicatingthe
localnetoutwardflow perunit of timeandvolume.In Cartesiancoordinates,where £
is a vectorfield, £z��£Y��N¤�%P���Q�� , and ¥§¦ is the N -componentof £ (likewisefor P andQ ): 
 ��¨�£©���(ªW£©�u� ¥ ¦� N 3�� ¥§«� P 3¡� ¥§¬� Q
Locationsin a vectorfield F where ��ªj£�¡+ arecalledsources(moreoutflow than
inflow), locationswhere �®ªj£¯t®+ arecalledsinks(moreinflow thanoutflow), and
locationswhere ��ªW£©�U+ arecalledsource-free. If theentirefield is source-free,F is
calledsolenoidal.
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Figure20.1:TheFEL differentialoperatorfield classhierarchy.

20.1.3 Curl

Thecurl operatoractsonavectorfield andproducesanothervectorfield indicatingthe
local directionandmagnitudeof therotationof theoriginal vectorfield. In Cartesian
coordinates,where £ is a vectorfield, £¡�¡£Y�$NO��P���QS� , and ¥ ¦ is the N -componentof£ (likewisefor P and Q ):�A° �"± £U�U�u��£©�³²'� ¥§¬� P ,r� ¥¤«� Qm´m� 3u²T� ¥ ¦� Q ,r� ¥§¬� NB´�  3�²'� ¥§«� N ,r� ¥ ¦� PB´v¢
At agivenlocationin aswirling vectorfield, thecurl is proportionalto thelocalangular
velocity. Thecurl is nonzeroin “straight” vectorfieldswith shear. Vectorfieldswith���M£©�©+ everywherearecalledirrotational.

20.2 First-order and second-orderaccuracy

As you canseefrom the descriptionsin theprevioussection,all FEL differentialop-
eratorfields requirespatial derivativesof their scalaror vectorbasefield values. In
FEL, thesespatialderivativesareestimatedby eitherafirst-orderaccuratescheme,or a
second-orderaccuratescheme,dependingon thetypeof differentialoperatorfield you
construct.Figure20.1showsthattheFEL differentialoperatorfield classhierarchyhas
two parallellineages:the“1” or “2” in theclassnamesdetermineswhetherafirst-order
or asecond-orderaccurateschemeis usedin estimatingthederivativesusedby agiven
differentialoperator.

In the first-order differential operator fields (descendantsof FEL differ-
ential operator field1<TO,FROM> ), the same interpolating polynomial
whichis usedto interpolatevaluesonthebasefield is analyticallydifferentiatedto pro-
duceanexpressionyieldinginterpolatedderivatives.If thedifferentialoperatorfield in-
terpolationmode(seeChapter9) is FEL ISOPARAMETRICINTERPOLATION, the
computationalspaceshapefunctionson a givencell aredifferentiatedwith respectto
thecomputationalcoordinates,theresultingpartialderivativesareevaluatedat theap-
propriatelocations,andthentransformedinto physicalspaceby way of themetrics.If
the interpolationmodeis FEL PHYSICAL SPACEINTERPOLATION, the physical
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spaceinterpolatingpolynomialon a given cell is differentiatedwith respectto phys-
ical spacecoordinates,and the requisitepartial derivativescanbe evaluateddirectly
whereneeded.In eithercase,the resultingphysicalspacepartialderivativesareused
to generatetherequireddifferentialoperatorquantities.

In the second-order differential operator fields (descendants of
FEL differential operator field2<TO,FROM> ), partial derivatives
areestimatedat eachvertex of a cell by centraldifferencingin computationalspace,
and thesederivativesare transformedinto physicalspaceby the metrics. Then the
differential operatorquantitiesare generatedat eachcell vertex and, if necessary,
interpolatedat interior locations.

In general,thesecond-orderdifferentialoperatorfieldswill producemoreaccurate
andreliableresultsthanthefirst-orderfields,but thesecond-orderfieldsrequiremore
work, sincethecentraldifferenceschemedemandsfield valuesfrom a largerstencil.

At present,second-orderdifferentialoperatorfieldsarenot supportedon unstruc-
turedmeshes.Techniquesexist for an analogueof the centraldifferenceschemeon
unstructuredmeshes[Bar91], andmaybeincludedin a futurerelease.Note,however,
that second-orderdifferentialoperatorfields are supportedon the tetrahedralmeshes
derivedfrom structuredmeshesby simplicial decomposition.

20.3 Creating differ ential operator fields

Differentialoperatorfieldsarebuilt on topof preexistingfields,whichwereferto here
asbasefields. As long asthebasefield hasthepropernodetype(scalaror vector)to
which thedifferentialoperatorapplies,it may itself have beencreatedin any number
of ways, i.e., the basefield may be a corefield, a derived field, or perhapsanother
differentialoperatorfield.

The basefield is provided to the differentialoperatorfield constructorasan FEL
pointer. In fact, theonly otherargumentto thedifferentialoperatorfield constructors
is an optionalname,in the form of a characterstring. You choosebetweenfirst- and
second-ordernumericalschemesby instantiatingadifferentialoperatorfield with a“1”
(first-order)or “2” (second-order)asthelastcharacterin theclassname.

Thedifferentialoperatorfieldsareall templated(parameterized)by two types:the
type they return(“TO”) andthe type of the basefield they operateon (“FROM”). As
usual,thereis a selectionof predefinedtypedefsfor themostcommoninstantiations,
which allow you to bypassthetemplatesyntaxin many cases.SeetheFEL Reference
Manualfor acompletelist of availabletypedefs.

Usingafirst-ordergradientfield asanexample,theprototypicaldifferentialopera-
tor field declarationlookslike this:

FEL_pointer< FEL_typed_field<TO> > grad_field =
new FEL_gradient_field1<TO, FROM>

(FEL_pointer< FEL_typed_field<FROM> >);

The differentialoperatorfield is declaredto operateon basefield type FROMand
producetype TO. Thereforethe constructorargumentis a pointer to a field of type
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FROM, andthe differentialoperatorfield itself, returnedby new, is representedby a
pointerto a field of typeTO.

Thus,

FEL_float_field_ptr temperature_field;
...

FEL_vector3f_field_ptr grad_of_temperature_field =
new FEL_gradient_field1<FEL_vector3f, float>

(temperature_field);

producesa vector field which at any location returns the gradientof tempera-
ture field . Usinga typedef,thesamedeclarationcouldbeaccomplishedas:

FEL_float_field_ptr temperature_field;
...

FEL_vector3f_field_ptr grad_of_temperature_field =
new FEL_gradient_of_float_field(tempera ture_ field) ;

Herearea few moreannotatedexamples.

FEL_float_field_ptr temperature_field;
FEL_vector3f_field velocity_field;
...

// 1st order
FEL_float_field_ptr div_of_velocity_field =

new FEL_divergence_of_vector3f_field1(v eloci ty_fie ld);

// 2nd order
FEL_float_field_ptr div_of_velocity_field =

new FEL_divergence_of_vector3f_field2(v eloci ty_fie ld);

// 2nd order, double precision output
FEL_double_field_ptr div_of_velocity_field =

new FEL_divergence_of_vector3f_field2<d ouble ,FEL_v ector 3f>
(velocity_field);

// curl of velocity = vorticity
FEL_vector3f_field_ptr vorticity_field =

new FEL_curl_field2<FEL_vector3f,FEL_ve ctor3 f>(vel ocity _field );

// typedef’d version
FEL_vector3f_field_ptr vorticity_field =

new FEL_curl_of_vector3f_field2(velocit y_fie ld);
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20.4 “Chaining” differ ential operator fields

As mentionedpreviously, the basefield of a differentialoperatorfield canitself be a
differentialoperatorfield. Thisallowsoperator“chaining” to createnew operators.For
example,theLaplacianoperator( � 9 , sometimeswritten µ ), in Cartesiancoordinates,
operatingon ascalarfield ���R����N¤�%P���Q�� , is definedto be:µL�M�U
&��¨ �S�"� 
��M�R�¡ª&�¶�X�D�T�u� 9 �� N 9 3¡� 9 �� P 9 3�� 9 �� Q 9
In light of this definition,onecandeclarea scalarLaplaciandifferentialoperatorfield
asfollows:

FEL_float_field_ptr pressure; // a derived field: de-
fined elsewhere ...

FEL_vector3f_field_ptr grad_pressure =
new FEL_gradient_of_vector3f_field2(p ressur e);

FEL_float_field_ptr laplacian_pressure =
new FEL_divergence_of_vector3f_field2 (grad_ press ure);

Now laplacian pressure is a scalarfield which returnsthe secondspatial
derivative,or “curvature”,of thepressurefield. Notethatpressure is itself aderived
field, whosevaluesareonly calculatedon demand.

Chainingthedifferentialoperatorfieldsis a powerful technique,andFEL supports
chainsof arbitrarylength;but onemustbeawareof thenumericallimitationsof grid-
deddata.Numericaldifferentiationby wayof finite differenceschemesmagnifiesnoise
in thedata,andis subjectto truncationandroundoff error. Thesefactorscanquickly
overwhelmany meaningfulsignaturein adataset,dueto therepeatednumericaldiffer-
entiationentailedby a chainof differentialoperatorfields.

The numericalproblemsassociatedwith repeateddifferentiationare particularly
severeon unstructuredgrids. Unstructuredgrids supportonly first-orderdifferential
operators,andtheseproduceconstantvaluesacrossa given tetrahedron.Subsequent
differentiationat the nodesof the constant-valuedtetrahedrainvariably yields zero
derivatives.On structuredgrids,chaineddifferentialoperatorfieldsshouldbesecond-
order, to avoid thederivativesfrom “bottomingout” prematurely.

In additionto thesenumericalissues,thereareperformanceconsiderationsasso-
ciatedwith chaineddifferentialoperatorfields. In thesecond-ordercentraldifference
scheme,evaluatingthe derivativesat a givenvertex requiresbasefield valuesfrom a
neighborhoodof adjacentvertices. If the basefield itself requirescentraldifference
values,it will have to fetchvaluesfrom yet a wider neighborhood,encompassingthe
first. This“expandingneighborhood”(or “stencil”) aroundeachvertex resultsin signif-
icantoverheadfor afield query. In addition,adjacentverticeshave largelyoverlapping
“expandedneighborhoods”,soadjacentfield queriesresultin a lot of duplicatework.
For thesereasons,if performanceis an issue,it may make senseto eagerlyevaluate
(seeChapter17) or at leastcache(seeChapter17) theresultsof a chaineddifferential
operatorfield, particularlyif it involveshighly derivedfields.
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Here is an example combining differential operatorfields and derived fields.
The Laplacianoperator, in Cartesiancoordinates,operatingon a vector field £��£Y��N¤�%P���Q�� , is definedto be:µX£�� �S�"� 
g
&��¨�£.,v�V° �"± �V° �"± £������y�Rª�£@��,m���M�¶�¡�·£@����� 9 £� N 9 3R� 9 £� P 9 3U� 9 £� Q 9
We candefinea vectorLaplacianoperatorfield asfollows:

FEL_vector3f_field_ptr v_field; // some vector field, de-
fined elsewhere

FEL_float_field_ptr div_field =
new FEL_divergence_of_vector3f_field2(v _fiel d);

FEL_vector3f_field_ptr grad_div_field =
new FEL_gradient_of_float_field2(div_fi eld);

FEL_vector3f_field_ptr curl_field =
new FEL_curl_of_vector3f_field2(v_field );

FEL_vector3f_field_ptr curl_curl_field =
new FEL_curl_of_vector3f_field2(curl_fi eld);

FEL_vector3f_field_ptr vector_laplacian_field =
new FEL_difference_of_vector3f_field

(grad_div_field, curl_curl_field);

// if desired, convert into core field
vector_laplacian_field =

vector_laplacian_field->get_eager_ field ();
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Instantiating Fields

Themostprominentuseof templatesin FEL is for thenodetypeof fields. The tem-
platingmakesit possiblefor the userto constructfields with a new nodetype with a
minimal amountof code. FEL requiresa few basicoperationsbe supportedfor the
nodetype,sothatthelibrary caninterpolateif necessarywhenqueriedaboutfield val-
ues.Thenumberof operatorsrequiredis intentionallykeptsmall to make it easierto
introducecustomtypes.

To demonstratethe minimal requirementsof the nodetype,we presenta few ex-
ampletypesbelow. Keepin mind that mostbuilt-in numericaltypessupportall the
requiredoperations,andthensome.

21.1 Basictype requirements

Thefirst exampletypeis the“ foo ” type.A foo hasbasicallythebehavior of aspartan
scalar.

class foo {
float value;

public:
foo() { }
foo(float v) : value(v) { }
friend foo operator*(double d, const foo& f) {

return foo((float) (d * f.value));
}
friend foo operator+(const foo& lhs, const foo& rhs) {

return foo(lhs.value + rhs.value);
}
// ostream operator not necessary, but handy
friend ostream& operator<<(ostream& strm, const foo& f) {

return strm << f.value;
}

};
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A “ foo ” musthave a default constructor(so thatonecanallocateanarrayof them),
andwe provide a constructorwith a float argumentso the exampleis not too trivial.
The * and+ operatorssupportmultiplying a foo by a scalarandaddingtwo foo
objectstogether. In aprogram,theinstantiationof a foo field would look like:

main() {
// make a dummy mesh
FEL_mesh_ptr mesh = new FEL_regular_mesh(5, 7, 11);

// convenience typedefs for foo fields
typedef FEL_field<foo> FEL_foo_field;
typedef FEL_pointer<FEL_foo_field> FEL_foo_field_ptr;
typedef FEL_core_field<foo> FEL_core_foo_field;

// make a foo field and iterate over it
foo* foo_data = new foo[mesh->card(0)];
// should fill in the foo data buffer ...
FEL_foo_field_ptr foo_field;
foo_field = new FEL_core_foo_field(mesh, foo_data);
FEL_vertex_cell_iter iter;
int res;
for (foo_field->begin(&iter); !iter.done(); ++iter) {

foo f;
res = foo_field->at_vertex_cell(*iter, &f);
assert(res == FEL_OK);
cout << "field value at " << *iter << " is " << f << endl;

}

The typedef statementsarenot essential,but they comein handyfurtherdown the
line, sincethetemplatesyntaxcangeta bit tedious.

An examplecloserto whatonemight do in practiceinvolvestheconstructionof a
field whereeachnodehasa vectorof 10 doubles:

typedef FEL_vector<10,double> FEL_vector10d;
typedef FEL_field<FEL_vector10d> FEL_vector10d_field;
typedef FEL_pointer<FEL_vector10d_field> FEL_vector10d_field_ptr;
typedef FEL_core_field<FEL_vector10d> FEL_core_vector10d_field;
FEL_vector10d* vector10d_data =

new FEL_vector10d[mesh->card(0)];
FEL_vector10d_field_ptr vector10d_field =

new FEL_core_vector10d_field(mesh, vector10d_data);
for (vector10d_field->begin(&iter); !iter.done(); ++iter) {

FEL_vector10d v;
res = vector10d_field->at_vertex_cell(* iter, &v);
assert(res == FEL_OK);
cout << "field value at " << *iter << " is " << v << endl;

}
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}

Thevectortemplateis definedby FEL (seeChapter3); thereis no needto providethe
requiredmathoperatorssincethey arealreadyin thelibrary.

21.2 Differ ential operator field requirements

If differentialoperatorfields will be constructedwith the new nodetype, thena few
moreoperatorsmustbedefined:

class bar {
float value;

public:
bar() { }
bar(float v) : value(v) { }
friend bar operator*(double d, const bar& b) {

return bar((float) (d * b.value));
}
friend bar operator+(const bar& lhs, const bar& rhs) {

return bar(lhs.value + rhs.value);
}
friend bar operator-(const bar& lhs, const bar& rhs) {

return bar(lhs.value - rhs.value);
}

// the following should not be necessary,
// but are needed for some SGI compilers, which can
// get confused at instantiation time
friend bar operator*(const bar& b, double d) {

return bar(b.value * d);
}
friend bar operator-(const bar& b) {

return bar(-b.value);
}
friend bool operator==(const bar& lhs, const bar& rhs) {

return lhs.value == rhs.value;
}

};

Technically speaking, the only extra operator that should be required is bar
operator-(const bar&, const bar&) . Unfortunately, asnotedin the ex-
ample,a few moreoperatordefinitionsmay be necessaryif the compilerand linker
thatoneis working with getconfused.Fortunately, theerrormessagesindicatingthe
needfor a particularoperatoraretypically not too difficult to decipher, andtheopera-
torsarefairly straight-forwardto define.
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CurrentlyFEL containstypedef statementsfor fields with the following node
types:� float� double� FEL vector2f� FEL vector3f� FEL vector3d� FEL matrix33f� FEL plot3d density momentum� FEL plot3d q

The last two types are aggregatesdefinedfor the solution vector data standardto
PLOT3D [WBPE92]. The“q” typecontainstheentirePLOT3D solution,the“den-
sity momentum” field containsthe subsetof the variablesnecessaryfor velocity-
relatedderivedfields. Themathoperatorsfor bothtypessimply definethesameoper-
atorsin turn for eachcomponentin the object. So, for instance,operator+ with two
q objectsreturnsa new objectwherethedensity, momentum,andenergy components
areeachthesumof thecorrespondingcomponentsin thetwo arguments.



Chapter 22

File I/O

To constructinstancesof mostmeshandfield classesin FEL, oneprovides,asargu-
ments,parametersandpointersto bufferscontainingdata.Typical parametersinclude
specificationof structuredmeshdimensions,anddatabufferstypically includevertex
coordinatesor solutiondata.For mostscientists,meshdataandsolutiondataarestored
in filesof variousformats.FEL providesfile readerfunctionsthatextractthedatafrom
files and,whereappropriate,that load the datainto main memorywith a layout ap-
propriatefor the classto be constructed.Using the readerfunctions,onecansimply
specifythefile nameandoptionalflagsdescribingthefile format,andtheappropriate
objectswill beconstructed.

FEL hasfamiliesof file readerfunctionsfor severalmajorfile formats.Themost
extensive supportin FEL is for the PLOT3D [WBPE92] format. A secondfamily of
readersacceptspagedPLOT3D files (seeChapter23). PagedPLOT3D files contain
thedataof standardPLOT3D files,but thedataarereorganizedinto page-sizedchunks
thatcanbereadin on demand.FEL containslessextensive supportfor two morefile
formats: FITS [FIT] andVis5D [Vis]. Finally, the library providesa genericsetof
readingfunctionsthat areindependentof a particularfile format. The ideais thatan
applicationwritten in termsof thegenericroutinescanwork with a varietyof file for-
mats.Thegenericroutinescurrentlysupportwork with PLOT3D andpagedPLOT3D
files,with limited supportfor theVis5D format.

File readersarebuilt usingstandardFEL operations.Thus,it is possibleto write a
readerfor a new file typewithout having to modify FEL.

22.1 PLOT3D file readerfunctions

ThevisualizationapplicationPLOT3D [WBPE92] definesa family of file formatsfor
storingmeshesandfields.TheFEL file readerfunctionshandlefilesdesignatedas“3D
(/WHOLE)” by PLOT3D. The PLOT3D “1D”, “2D”, and“3D (/PLANES)” formats
arenotsupported.Thissectioncontainsdescriptionsfor thethreePLOT3D-relatedfile
readerfamilies. Most of this sectiondescribesthefamily of genericfile readers,with
notesdescribinghow theothertwo familiesdiffer. A latersubsectionshows how the
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functionscorrespondamongthethreefamilies.
Most applicationsshouldusethe genericfunctionsso that they work with both

typesof files. While the genericfunctionshave someamountof overheadover the
specificfunctions,theoverheadis quiteminimal andis outweighedby allowing your
programto work with multiple file formats.Futureversionsof FEL mayenhancethe
genericfile readerfunctionswhichwouldlet yourapplicationreadthosefileswith little
or no effort.

22.1.1 The PLOT3D flags

The FEL PLOT3D flags allow the user to specify the type of a file. They spec-
ify the type of the file (PLOT3D or pagedfile) as well as the particular variation
of the PLOT3D file format. The genericfile readersuse the file type flags (ei-
ther FEL PLOT3D3D WHOLEor FEL PAGEDPLOT3D3D WHOLE) to determine
thefile-type-specificroutinethatshouldbecalledto do theactualwork. Thevariation
flags tell the standardPLOT3D routineswhich PLOT3D variation the file contains.
ThepagedPLOT3D routinesignorethevariationflagsbecausethepagedfilesareself-
identifying. If youcall astandard-PLOT3D-or paged-PLOT3D-specificreaderroutine
directly, theflagsargumentmustcorrespondto thefile typethattheroutinehandles.

Several flags can be expressedsimultaneouslyusing the C “ | ” bitwise-or op-
erator. For example,“FEL PLOT3D3D WHOLE| FEL PLOT3DMULTIZONE |
FEL PLOT3DIBLANK” specifiesaPLOT3D multi-zonefile whichincludesIBLANK
information.

ThePLOT3D readersrecognizethefollowing flags:

FEL PLOT3D3D WHOLEfor all PLOT3D (non-paged)files

FEL PAGEDPLOT3D3D WHOLEfor PLOT3D pagedfiles

FEL PLOT3DIBLANK file containsIBLANK information

FEL PLOT3DMULTIZONEfile hasmultiple zones

FEL PLOT3DUNSTRUCTUREDfile containsanunstructured(tetrahedral)mesh

FEL PLOT3DFORTRANUNFORMATTEDbinarywith FORTRAN controlwords

FEL PLOT3DFORTRANFORMATTEDPLOT3D ASCII format

FEL PLOT3DFUNCTIONfile is a functionfile

FEL PLOT3DLITTLE ENDIAN bytesarein little endianorder

22.1.2 Automatic meshtype deduction

FEL providesanautomaticformatdeducingfunction,FEL deduce mesh type() ,
which makes it easierfor the userto readmesheswithout having to rememberthe
particularvariationof thefile formatat hand.Thededucerwill determinethetypeof
the file (standardPLOT3D or paged),andthe file’s PLOT3D variation. The deducer
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allows oneto pretendthatall PLOT3D files areself-describing.The deducertakesa
characterstringfile nameandreturnsanunsignedinteger representingtheflags,or 0
if it could not successfullydeducethe meshtype. The deduceressentiallyworks by
hypothesizingthat thefile is a particularformatandexaminingthefile to seewhether
the file is consistentwith that format. With pagedPLOT3D files, the deducerjust
examinesthefirst few bytesof thefile to seeif thefile hasa valid pagedPLOT3D file
header.

Deducinga standardPLOT3D file takesmorework. The PLOT3D deducermust
hypothesizea PLOT3D file variation, interpretthe first words in the file as if in the
hypotheticalvariation,and thencomputethe sizeof the file in bytesimplied by the
headerwords.If thenumberof bytesimpliedmatchestheactualnumberof bytesin the
file, thenthededucerreturnsthespecificvariation. Otherwise,thededucercontinues
to thenext variationhypothesis.Thetechniqueusedby thededuceris not fool-proof.
For example,if for somereasonthefile hasextrabytesappendedto it, thentheimplied
countwill not matchtheactual,andthededucerwill fail.

22.1.3 Readingmeshfiles

The function FEL read mesh() is the function for readingmeshes.The function
takes one requiredargument, the characterstring meshfile name, and returnsan
FEL meshsubclass.If the readerencountersan error, then it returnsNULL. Imme-
diatelyfollowing thefile nameargumentis anoptionalargumentwith theformatflags
for thegivenfile. By default thereadercallsthededucerfunctionto computetheflags.
The third argumentallows readinga specificzonefrom a multi-zonedataset. The
default valueof -1 specifiesthatevery zoneshouldbereadin; othervaluesspecifya
particularzoneto beread.Thefunction’sdeclarationis:

FEL_mesh_ptr FEL_read_mesh(char*, unsigned = 0,
int = -1);

22.1.4 Getting information about structured meshfiles

Threefunctionsreadpart of a structuredmeshfile and return information about it.
Thesefunctionsabortif they arecalledonanunstructuredmeshfile. All threefunctions
return a statuscodeof FEL OKon successand FEL FAILED on failure. The first
argumentfor thefunctionsspecifiesthenameof thefile. Thesecondargumentspecifies
thetypeof thefile andmustbenon-zero(usethededucerif youdon’t know thetype).

The sameinformationcanbe retrieved from a meshonceyou have readit, using
get n zones andget structured dimensions . If you do not needtheinfor-
mationbeforereadingthe mesh,it is moreefficient to readthe entiremeshandthen
retrieve theinformationfrom it.

Thefunctionsare:

int FEL_read_mesh_dimensions(char*, unsigned, int*,
FEL_vector3i**);

int FEL_read_mesh_n_zones(char*, unsigned, int*);
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int FEL_read_mesh_zone_dimensions(char *, unsigned, int,
FEL_vector3i*);

Thefirst function,FEL read mesh dimensions , returnsthenumberof zones
and the dimensionsof eachzone. The dimensionsare returnedin a dynamically-
allocatedarray. This arraymustbe deallocatedusingdelete[] after you have fin-
ishedusingit. Thearrayis returnedby settingtheFEL vector3i* thatis pointedto
by thethird argument.

The secondfunction, FEL read mesh n zones , returnsthe numberof zones
by setting the integer pointed to by the third argument. The last function,
FEL read mesh zone dimensions , returnsthedimensionsof thezonespecified
by the third argumentby modifying theFEL vector3i pointedto by the lastargu-
ment. Theselast two functionscall FEL read mesh dimensions andreturnpart
of what it returns,so it is moreefficient to call that function if you needinformation
aboutall thezones.

22.1.5 Readingsolution files

FEL provides a set of solution readerfunctions, all with the prefix FEL read ,
e.g., FEL read density . Each solution readerfunction take, as a first argu-
ment, the meshupon which the solution is basedand a characterstring file name
as the secondargument. The third required argument is the set of flags spec-
ifying the specific file format. The flags are the same as those used for the
meshreadingfunctions,thoughsomeflags(specificallyFEL PLOT3DIBLANK and
FEL PLOT3DUNSTRUCTURED) are irrelevant to solution files andare ignored. If
theflagsincludeFEL PAGEDPLOT3D3D WHOLE, i.e., if onewill bereadingfrom a
pagedfile, thentheremainingflagsarenotnecessary, aspagedfilesareselfdescribing.
Thedatain thepagedfile overridesoptionsspelledout by theflags. Immediatelyfol-
lowing thethreerequiredargumentsto thesolutionreaderroutinesthereis anoptional
argumentspecifyinga specificzoneto read.By default thedatafor all thezonesof a
multi-zonefile areread.

Unlike themeshcase,the library doesnot provide a formatdeducingfunctionfor
solutionfiles. Typically, onecanusetheflagsreturnedby FEL deduce mesh type
asanargumentto boththemeshandsolutionreadingfunctions,sincebothareusually
the samePLOT3D variation,e.g.,“FORTRAN unformatted”. Thusthe lack of a so-
lution format deduceris typically not an inconvenience.In thecaseswherethemesh
andsolutionarenot in thesameformat,onecanstill usethemeshdeducerresultfor
readingthemesh,but theflagsfor thesolutionreadermustbedeterminedby theuser
andprovidedmanually.

Thetypical usageof thededucerandreaderfunctionsis:

unsigned flags;
FEL_mesh_ptr mesh;
FEL_float_field_ptr density_field;

flags = FEL_deduce_mesh_type(mesh_file_name );
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mesh = FEL_read_mesh(mesh_file_name, flags);
density_field = FEL_read_density(mesh, soln_file_name, flags);

Codewritten for actualuseshouldcheckthat thereturnvaluesfor eachof thecalls is
not0 or NULL. Thefollowing solutionreaderfunctionsareprovided:

FEL_float_field_ptr FEL_read_density(FEL_mesh_ptr,
const char*, unsigned, int = -1);

FEL_float_field_ptr FEL_read_momentum_x(FEL_mesh_ptr,
const char*, unsigned, int = -1);

FEL_float_field_ptr FEL_read_momentum_y(FEL_mesh_ptr,
const char*, unsigned, int = -1);

FEL_float_field_ptr FEL_read_momentum_z(FEL_mesh_ptr,
const char*, unsigned, int = -1);

FEL_vector3f_field_ptr FEL_read_momentum(FEL_mesh_ptr,
const char*, unsigned, int = -1);

FEL_float_field_ptr FEL_read_energy(FEL_mesh_ptr,
const char*, unsigned, int = -1);

FEL_plot3d_q_field_ptr FEL_read_q(FEL_mesh_ptr,
const char*, unsigned, int = -1);

FEL_vector3f_field_ptr FEL_read_velocity(FEL_mesh_ptr,
const char*, unsigned, int = -1);

FEL_plot3d_density_momentum_field_pt r
FEL_read_density_momentum(FEL_mesh _ptr, const char*,

unsigned, int = -1);

22.1.6 Readingfunction files

FEL provides two routines for reading PLOT3D “function” files:
FEL read float function and FEL read vector3f function . The
first two argumentsto the routines,the meshandfile name,are the sameas for the
solutionreaders.Thelasttwo argumentsarealsothesame:thesecondto lastargument
specifiesthe file format flags; the final argument, which is optional, specifiesa
particularzoneto read.Thefunctionfile readerroutineshaveanextra, third argument,
specifyinghow many scalarvariablesto skip over in orderto getto thedesiredvalues.
For example,givenafunctionfile having azonecontainingavector(3 floats)followed
by a scalar, one would usea valueof 3 for the third argumentin order to readthe
scalarvariable.Thepagingcodedoesnotcurrentlysupportfunctionfiles,sothepaged
versionsof thesefunctionsdo notexist. Thefunctionsare:

FEL_float_field_ptr FEL_read_float_function(FEL_mesh_ptr,
char*, int, unsigned, int = -1);

FEL_vector3f_field_ptr FEL_read_vector3f_function(FEL_mesh _ptr,
char*, int, unsigned, int = -1);
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22.1.7 Readingindividual zonesfr om multi-zone files

On someoccasionsonemay desireto readthe datafor individual meshor solution
zonesfrom multi-zonefiles. For example,whenworkingwith very largedatasets,one
maynot beableto load thewholedatasetinto memoryat once,soprocessingzones
oneatatimemaybetheonly option.All thePLOT3D mesh,solution,andfunctionfile
readerssupportanoptionalfinal argument,allowing theuserto specifyan individual
zoneto read.

In order to make it easierto write codethat works with both single and multi-
zonemeshes,the readingroutinesallow oneto provide a zoneargument,evenwhen
themeshis single-zone.In thesingle-zonecase,theargumentvaluemustbe0. This
allowancemakesit possibleto write codesuchas:

unsigned flags = FEL_deduce_mesh_type(mesh_file);
int n_zones;
FEL_read_mesh_n_zones(mesh_file, flags, &n_zones);

for (int zone = 0; zone < n_zones; zone++) {
FEL_mesh_ptr m = FEL_read_mesh(mesh_file, flags, zone);
FEL_float_field_ptr f =

FEL_read_energy(m, soln_file, flags, zone);

// ... do processing with field f
}

The excerptabove will work with both single-andmulti-zonefiles. Of course,
codefor actualuseshouldcheckthereturnvaluesfrom thereaderfunctionsto ensure
success.

22.1.8 Making the PLOT3D readersmore verbose

In general,the PLOT3D readerfunctionsdo not write any outputto the terminal. In
somecasesit may be handyto requestmoreoutput,for example,whentrying to de-
terminewhy thereadercannotsuccessfullyreada particularfile. ThePLOT3D reader
routinesall checkapublicglobalvariable:FEL reader verbose , whichcanbeset
to true by theuser. Whenthisflag is truethereadersprovidemoreinformationabout
whatthey aredoing.

22.2 PLOT3D and pagedfile readers

Thereadersdescribedsofar aregenericfile readers.FEL alsoprovidesreadingfunc-
tions that operateonly on a singlefile type (standardor pagedPLOT3D files). They
aremainly providedfor backwardcompatibilitywith olderprograms.Most programs
shouldusethe genericfunctions. Table22.1shows thecorrespondencesbetweenthe
threePLOT3D readerfamilies.
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22.3 The FITS file reader

FEL provides a simple readerfor FITS files. The readerhandlesdatafor 2- or 3-
dimensionalregularmeshes,with asinglefloatvalueateachnode.Thereadertakesas
its first argumentthecharacterstringspecifyingthefile name.Thenext two arguments
eacharea pointerto an integer. FITS file headersconsistof a sequenceof tags,each
with a correspondingvalue. Someusershave extendedtheir useof the FITS format
by definingnew, non-standardtags. In particular, the tags“XPOS” or “YPOS”, each
accompaniedby aninteger, areusedby McDonnell-Douglasto signify thelowercorner
of asubimage(whereimagesarerepresentedby a2-D mesh).TheFEL FITSfile reader
functionrecognizesthe“XPOS” and“YPOS” tags,returningthecorrespondingvalues
in the integerspointedto by the secondand third argumentsof the readercall. By
default “XPOS” and“YPOS” aresetto 0.

In general,the FITS readerfunction doesnot write any output to the terminal.
In somecases,it may be handyto requestmoreoutput,for example,whentrying to
determinewhy the readercannotsuccessfullyreada particularfile. TheFITS reader
routinechecksapublicglobalvariable,FEL fits reader verbose , whichcanbe
setto true by theuser. Whenthis flag is true,thereaderprovidesmoreinformation
aboutwhatit is reading,includingdisplayingthetagsthatit encountersin thefile.

22.4 The Vis5Dfile reader

FEL providesa simplereaderfor files in the VIS5D format. Therearetwo routines
available to the user: FEL vis5d get scalar and FEL vis5d get vector .
The scalarroutinereturnsa float field, the vectorroutinereturnsa FEL vector3f
field. Both routinestake a meshasa first argumentanda characterstringfile nameas
a secondargument.Thescalarfield readertakesa third argument:a characterstring
providing thenameof thevariableto read.Finally, bothroutinestake an integerfinal
argumentspecifyingthetimestepto retrievewhenworking with time seriesdata.



Chapter 23

PagedMeshesand Fields

23.1 Intr oduction

Pagedmeshesandfieldsaresimilar to standardFEL meshesandcorefields,but they
usemuchlessmemory. Insteadof keepingall of thedatain memory, they bring in the
portionsthatareused.Dataareplacedinto a pool of memory;thesizeof thepool can
bespecifiedby theuser. Whenthepool is full, somedatathathave not beenrecently
usedarereplacedwith thenew data.

A pagedmeshor field canbemuchfasterthanthecorrespondingin-memoryver-
sionif your systemdoesnot have enoughmainmemoryto hold all of thedata.While
you canrely on theoperatingsystem’s virtual memoryto bring in thedatawhenyou
areusingin-coremeshesandfields, the pagedversionsusememorymoreefficiently
andmaybeableto keepwhat is currentlyneededin memorywhile theoperatingsys-
temcannot.A programwill run muchfasterif its datacanbekeptin memory. Evenif
youhaveenoughmemory, apagedmeshor field canbefasterif youonly needto usea
fractionof thedatasinceonly that fractionis readfrom disk. However, a pagedmesh
or field canbe slower if you have sufficient memoryandrepeatedlyuseall or nearly
all of thedata.Thishappensbecausethedataarereadin smalleramountscomparedto
whentheentirefile is readat once,andbecause,for thesameamountof data,reading
datain smalleramountstakeslongerthanreadingit all at once. Also, accessingthe
datais a bit slower with the pagedroutinesbecausethey do someadditionalchecks
andcalculations.More informationabouttheadvantagesanddisadvantagesof paged
filesandout-of-corevisualizationin generalcanbefoundin [CE97].

Froma codingstandpoint,theuseof a pagedmeshor field is very similar to using
thecorrespondingin-coreobjects.Thesameoperationsaresupported,exceptthat the
namesof somesetupcallsaredifferent.

As of this writing, only PLOT3D structuredgrid andsolutionfiles canbe paged.
Supportfor functionfiles andunstructuredgridsmaybeavailablein a future release.
Also, the currentpagingcodeis not thread-safe,sopagedfiles shouldnot be usedin
multithreadedprograms.Thisshouldbecorrectedin thenext release.

131
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23.2 How pagedfileswork

The techniquethat pagedfiles useto bring datafrom disk as it is usedis similar to
how virtual memoryis implementedin computersystems,but usingsoftwareinstead
of hardware. Like virtual memorysystems,the pagingcodereadsfixed-sizedblocks
of data,calledpagesof data.

One reasonthat pagedmeshesand fields usememorymore efficiently than the
operatingsystem’s virtual memorysystemis thatthey canselecta differentpagesize.
Thepagingcodeusespagesof 2 kilobytes,while currentworkstationsusepagesizes
of 4, 8, or 16 kilobytes.Smallerpagesusememorymoreefficiently thanlargerpages
becausethereare smalleramountsof unreferenceddatasurroundingthe referenced
datathatmuststill bereadinto memory.

The secondreasonfor pagedmeshes’andfields’ moreefficient memoryusageis
that they reorganizethedatain thefile, which placesdifferentdataon eachpage.For
structuredgrids, an 8x8x8 cubeof datafrom a singlezoneis placedin a page. The
original PLOT3D files would placea planeof dataon a page.Again, the reasonthat
thisfile organizationusesmemorymoreefficiently is thatplacingcubesof dataoneach
pagehassmalleramountsof unreferenceddatasurroundingthe referenceddata. For
most3D traversalsof thedata,placing8x8x8cubesaroundthereferenceddatacovers
asmallerportionof theoveralldatacomparedto placing(for example)32x64planesof
dataaroundthereferenceddata.In practice,this reorganizationcutsthememoryusage
in half comparedto PLOT3D whencomputingstreamlines.If memoryis tight, using
half thememorycantranslateinto largerfactorsof speedimprovement.Onedrawback
from reorganizingthedatais thatthefilesmustbeconvertedto anew format.Thenext
sectiondescribeshow to convertfiles.

Whenyoustartto useafile, it is opened,anddatastructuresaresetup thathavean
entry for eachpagein thefile; eachentry indicatesthat thepagehasnot beenloaded
into memory. Whenyou accesssomedata(e.g.,by usinganat cell call), thepages
wherethedataarefoundarecomputedandcheckedto seeif they arepresent.If they
arenot present(which would be true if the file wasjust opened),the pagesareread.
Then,thevaluesareretrievedfrom thepagesandreturned.

Pagesreadfrom disk areplacedin memoryallocatedfrom a pool of pages.There
is a singlememorypool, which meansthat it is sharedamongall of the openpaged
files. If all pagesare in usewhen a new pageis needed,a pagethat hasnot been
recentlyusedis reused. The sizeof the pool is user-configurable(seeSection23.5
below). Preliminaryestimatesindicatethat you canvisualizea datasetinteractively
whenthe pool will hold 20% of the dataset’s grid files and5% of the solutionfiles.
Thesenumbersdependon how thedataareusedandthuswill varyconsiderably.

Thereis somememoryoverheadassociatedwith pagedfiles. Whenyoustartusing
a file, the pagingcodecreatesdatastructuresthat usememoryequalto about0.3%
of the file size. This can be significant: a 10 gigabytedatasetwould useabout30
megabytesof memory. This memoryis allocatedseparatelyfrom the memorypool
usedto hold file data.
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23.3 Converting PLOT3D files to pagedfiles

As mentionedabove,you needto convertyour PLOT3D files to thepagedfile format.
Thep3dtopaged programwill convertonefile to thenew format.Thisprogramcan
befoundin theFEL sourcedirectory.

For mostfiles, theprogramcandeducethetypeof inputfile. In thatcase,theusage
is:

p3dtopaged input-file output-file

Theprogramcannotfigureout somefile types,especiallyFORTRAN unformatted
fileswith morethan5 solutionvariables.With thesefiles thetypemustbespecifiedon
thecommandline usingflags.Theflagsare:

-g indicatesthattheinput is a grid file with no IBLANKS

-i indicatesthattheinput is a grid file with IBLANKS

-s indicatesthattheinput is a solutionfile

-1 (aone)indicatesthattheinput file hasonezone

-m indicatesthattheinputfile hasmultiple zones

-b indicatesthattheinput is a binaryfile

-f indicatesthattheinput is a FORTRAN unformattedfile

If theprogramcannotdeducethetypeof thefile, you will have to specifythreeof
theaboveoptions:onefrom g, i , or s ; 1 or m; andb or f . Forexample,p3dtopaged
-imb would specifythat the input file is a multi-zone,binary, PLOT3D grid file that
includesIBLANKS.

Pagedfiles canbeconvertedto thePLOT3D format with the pagedtop3d pro-
gram. It only outputsbinary files; FORTRAN unformattedis not supported.If your
original input file wasa FORTRAN unformattedsolutionfile with seven parameters
pernode,whenyou convert thepagedfile to a PLOT3D file only thefirst five param-
eterswill be in the file. This happensbecausepagedfiles containonly the first five
parameters.If theoriginalPLOT3D file wasabinaryfile, convertingthefile to apaged
file andthenbackto aPLOT3D file will giveyouanidenticalfile.

23.4 Using pagedmeshesand fields

A programusespagedmeshesandfields in nearly the sameway as it usesin-core
meshesandfields.Themaindifferenceishow theseobjectsarecreated.In-coremeshes
andfieldscanbecreatedby readinga file or by giving a blockof datato a constructor.
Pagedmeshesandfieldsshouldonly becreatedby usingfunctionssimilar to theones
usedto reada file for anin-coremeshor field.
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For example, the FEL plot3d read mesh function will reada PLOT3D file
into memoryandreturna FEL mesh ptr . TheFEL plot3d read paged mesh
functionwill openthepaged-formatfile andinitialize the pagingdatastructures,and
then return a FEL mesh ptr . Both functionstake the samearguments. The only
differenceis that the FEL plot3d read paged mesh function ignoresthe flags
argument.SeeChapter22 for moredetailsaboutthesefunctions.

Your programcan also use file-readingfunctions that work for both PLOT3D
files and pagedfiles. Using thesegenericfunctions is encouragedsinceyour pro-
gram will then work with both in-core and pagedmeshesand fields. Thesefunc-
tions will first look at the flags argumentto determinethe type of the file. If the
flags argumentspecifiesa file type (i.e., it is non-zero),that type is used. Other-
wise, the functions look at the file itself to determinethe file type. If the file is a
PLOT3D file, thesefunctionswill readthe file and return an in-core meshor field;
if it is a pagedfile, they will openthe file andreturna pagedmeshor field. In gen-
eral, if the in-corefunction is FEL plot3d read xxx , the pagedfunction will be
namedFEL plot3d read paged xxx , and the genericfunction will be named
FEL read xxx . Table 22.1 shows the correspondencesbetweenthe genericand
paged-filefunctions.

Anotherminor differencebetweenin-coreandpagedmeshesandfieldsis how the
compute bounding box andcompute min max functionsareimplemented.In-
coremeshesandfields mustcomputethe resultsat run time. The pagedversionsof
thesefunctionsinsteadusevaluescomputedwhenthe file wasconvertedto a paged
file and thusaremuchfaster. Becauseof this, you shouldusethe FEL functionsto
computethesevaluesinsteadof writing yourown.

23.5 Controlling memory usage

If you areconcernedabouttheperformanceof your program,you will probablywant
to avoid having it usemorememorythanis installedonthesystemwhereit is running.
You cancontrolhow thepagingcodeusesmemoryby two methods.Thefirst method
letsyou control the total amountof memoryused.Thesecondmethodallows you to
specifywhich meshesor fields aremoreimportantandshouldbe kept in memoryin
preferenceto othermeshesor fields.

23.5.1 Pool size

Youcancontroltheamountof memoryusedby changingthesizeof thememorypool.
The pagingcodeusesthis pool to hold pagesfrom pagedmeshand field files that
arebroughtinto memory. By default, themaximumpool sizeis 50%of thesystem’s
memory. OnmostUnix systems,the“systemmemorysize” is thevaluereturnedfrom
thegetrlimit systemcall for themaximumresidentsetsize.Many shells(sh,csh,
etc.)allow thisvalueto bechangedwith the limit commandusingthememoryuse
option. For example,limit memoryuse 100m would set the overall maximum
memoryusageto 100 megabytesand the default pagingpool size to 50 megabytes.
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OnSolarissystems,the“systemmemorysize” is determinedusingadifferentcall that
returnstheactualphysicalmemorysize.

Themaximumsizeof thepool canalsobechangedwith two procedurecalls. The
first, FEL set paging memory megabytes , setsthe size of the pool directly.
The secondcall, FEL set paging memory fraction , changesthe fraction of
the system’s memorythat is used;the fraction shouldrangefrom 0 to 1. Both calls
takeasinglefloat argument.Thesizeof thepool canonly bechangedbeforeopen-
ing thefirst pagedfile. Callsto thesetwo functionsafteropeninga file haveno effect.
Thetwo callsaredefinedasfollows:

extern void FEL_set_paging_memory_megabytes(flo at);
extern void FEL_set_paging_memory_fraction(floa t);

Memorywill only beallocatedto thepool asdataarereadfrom disk. This means
that,if themaximumpool sizeis muchlargerthanthefiles thatareused,thepool will
grow to atmostthesizeof thefiles. (Thepoolcanbesomewhatlargerthanthetotalfile
sizesbecausepartially-filled 8x8x8cubesof datatake up a full pagewhenin memory
but takeonly a partialpagewhenon disk.)

One difference between the paged and standard file reader calls is
that the same data are loaded in memory only once with the paged
calls. For example, if you call FEL read paged plot3d density
and FEL read paged plot3d density momentum for the same
file and use data from both, the density values will only be read once.
But, if you use the non-paged calls, FEL read plot3d density and
FEL read plot3d density momentum, the density values will be read
twiceandstoredtwice.

23.5.2 Pagepriority hints

Thesecondmemorycontrolmethodallowsaprogramto controlwhichfile’spagesare
retainedin thememorypool. Whenthememorypool is full andmoredataareneeded
from a file, a pagethat currentlycontainsdatais selectedandreused.Eachmeshor
field hasa priority that determinesthe lengthof time beforeits pagescanbe reused.
Increasingor decreasingthe priority givesthe pagingcodea hint on which dataare
importantor unimportantso that pagescontaininglessimportantdatacanbe reused
first. Thesehintshave not yet beenusedin anapplication,sothey shouldberegarded
asexperimental.

For example,priority hintscouldbeusedwith anunsteadydatasetin aninteractive
applicationthat hasa conceptof the currentsimulationtime. In suchan application,
only the two timestepsthat bracket the currentsimulationtime are used. If all the
timestepsbut thecurrentonesaresetto low priority, thenthey will alwaysbetheones
reused.

Thefollowing prioritiescanbeused:� FEL LOWPAGEPRIORITY allows the mesh’s or field’s pagesto be deallo-
catedandreusedimmediately.



136 CHAPTER23. PAGEDMESHESAND FIELDS� FEL STANDARDPAGEPRIORITY allows the mesh’s or field’s pagesto be
deallocatedafter they have not beenusedfor a while. This is the default pri-
ority.� FEL HIGH PAGEPRIORITY allowsthemeshor field’spagesto bedeallocated
afterthey havenot beenusedfor a longertime thanstandard-prioritypages.

Priorities are set by using the set memberfunction with one of the following
keywords:� FEL FIELD PAGEPRIORITY changesthepriority for boththefield (solution)

dataandthemeshdatawheninvokedon a field, andchangesthepriority of the
meshdatawheninvokedona mesh.� FEL MESHPAGEPRIORITY changesthepriority of themesh(if invokedona
field, changespriority of thefield’smesh).� FEL SOLUTIONPAGEPRIORITY changesthepriority for thefield datawhen
invokedon afield, andhasno effectwheninvokedon amesh.

The currentinterfaceallows you to set the priority for an entire field, an entire
mesh,or both, or for an individual zonein a mesh. You cannotset the priority for
individualzonesof thedatafor amulti-zonefield. Someexamplesarebelow:

void priority_example()
{

// code assumes "grid" and "solution" files are
// multi-zoned
unsigned int flags = FEL_deduce_mesh_type("mesh");
FEL_mesh_ptr mesh = FEL_read_mesh("mesh", flags);
FEL_float_field_ptr field = FEL_read_density(mesh,

"solution", flags);

// change priority of mesh for all zones
mesh->set(FEL_MESH_PAGE_PRIORITY, FEL_LOW_PAGE_PRIORITY);
// change priority of mesh for zone 1
mesh->get_zone(1)->set(FEL_MESH_P AGE_PRIORI TY,

FEL_LOW_PAGE_PRIORITY);

// change priority of mesh for all zones
field->set(FEL_MESH_PAGE_PRIORITY , FEL_LOW_PAGE_PRIORITY);
// change priority of mesh for zone 1
field->get_mesh()->get_zone(1)->s et(FE L_MESH_PAGE_PRIORITY,

FEL_LOW_PAGE_PRIORITY);
// change priority of field data for all zones
field->set(FEL_SOLUTION_PAGE_PRIO RITY, FEL_LOW_PAGE_PRIORITY);
// change priority of mesh and field data for all zones
field->set(FEL_FIELD_PAGE_PRIORIT Y, FEL_LOW_PAGE_PRIORITY);

}



Chapter 24

The PLOT3D Field Manager

The PLOT3D field manageris a classhierarchywhich canhelp createandmanage
fieldsbasedon PLOT3D datafiles. Onceyou createa field managerobject,you can
askit to createany of overfifty predefinedderivedfieldsby name,andit will takecare
of any necessaryfile readingandderivedfield construction,returninga field readyfor
use.A functionwhich receivesapointerto afield managerobjectessentiallyhasbeen
sentanentirecollectionof fields.

24.1 Constructing an FEL plot3d field

The baseclassof the field managerhierarchyis FEL plot3d field . This class
is an abstractclass. Threederived classescreateinstancesof FEL plot3d field
for three types of fields: steady fields, time-varying fields, and PLOT3D Q
fields. Most applications should assign instancesof the derived classesto a
FEL plot3d field ptr so that their codeis independentof theactualfield man-
agertype.

24.1.1 Constructing an FEL steady plot3d field

Two constructorsareavailablefor constructinganFEL steady plot3d field :

FEL_steady_plot3d_field(char* mesh_file, char* soln_file,
unsigned flags = 0);

FEL_steady_plot3d_field(FEL_mesh_ptr mesh, char* soln_file,
unsigned flags = 0);

In thefirst constructor, yousupplythenamesof yourPLOT3D meshfile (mesh file )
andsolutionfile (soln file ), and,optionally, flagsdescribingyour file formats. In
thesecondconstructor, you supplya pointerto a preexisting mesh(mesh) insteadof
thenameof a meshfile.

137
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24.1.2 Constructing a time-varying field manager

Time-varyingfield managerobjectscreatetime-varyingfields in responseto requests
for derived fields. Sincemanagerobjectscreatetime-varying fields, the arguments
to the two constructorsfor a time-varying field managerare nearly the sameas the
constructorsfor time-varyingfields. Chapter25 describestime-varyingfieldsandthe
commonarguments.

Threeof the field managerconstructor’s argumentsare different from the time-
varyingfield’s constructor. Thefirst argumentcanbea stringspecifyingthemeshfile
insteadof a meshobject.Thethird argument,thecallbackfunction,is differentin that
it doesnot returna field object. Instead,it fills in the nameof the solutionfile and
returnsa valueindicatingsuccessor failure. Finally, the field managerhasa seventh
argumentgiving thefile flagsfor thesolutionfiles.

Thedefinitionsfor theconstructorsare:

const int FEL_plot3d_filename_len = 1024;
typedef int (*FEL_plot3d_filename_callback)

(int, void*, char[FEL_plot3d_filename_len]);

FEL_fixed_interval_time_series_pl ot3d_ field (
char* mesh_file,
int num_time_steps,
FEL_plot3d_filename_callback cb,
void* user_data,
float physical_time0,
float physical_time1,
unsigned flags = 0);

FEL_fixed_interval_time_series_pl ot3d_ field (
FEL_mesh_ptr mesh,
int num_time_steps,
FEL_plot3d_filename_callback cb,
void* user_data,
float physical_time0,
float physical_time1,
unsigned flags = 0);

You canspecifytime-varyingmeshesusingthe secondconstructorandpassinga
time-varyingmeshasthefirst argument(seeChapter26).

An exampleof a time-varying managerconstructoris shown below. The exam-
ple codereadsa steadymeshfile calledmesh and20 solutionfiles namedsoln00 ,
soln01 , ..., soln19 . The physicaltime valuesfor the timestepsstartat 0 andin-
creaseby 1 for eachtimestep.Thecodealsohasanexampleof how to usetheuser-
data argument:thefirst four lettersof thefilenamearepassedto thecallbackfunction
usingthatargument.
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int soln_callback(int timestep, void* userdata,
char filename[FEL_fixed_interval_time_se ries_ plot3 d_fiel d::
FEL_plot3d_filename_len])

{
sprintf(filename, "%s%02d", (char*) userdata,

timestep);
return 1;

}

FEL_plot3d_field_ptr make_time_varying_manager()
{

unsigned flags = FEL_deduce_mesh_type("mesh");
FEL_plot3d_field_ptr fp = new

FEL_fixed_interval_time_series_plot3d_ field ("mes h", 20,
soln_callback, "soln", 0, 1, flags);

return fp;
}

24.1.3 Constructing an FEL plot3d q field

The third type of field managerconstructorallows usingfields that arenot handled
by the first two cases,such as transformedfields or multizonedfields with mixed
steadyandunsteadyzones.This constructorallows an applicationto createan arbi-
trary PLOT3D Q field andthento usethefield managerto createderivedfields from
it. Theconstructorsimply takestheQ field asits only argument:

FEL_q_plot3d_field(FEL_plot3d_q_fiel d_ptr q_field);

This class name can unfortunately be easily confused with another
type name, FEL plot3d q field . The latter type is a synonym for
FEL typed field<FEL plot3d q>.

24.2 Creating primiti veand derived PLOT3D fields

Onceyou have a properly initialized FEL plot3d field , creatingthe PLOT3D
primitiveandderivedfieldsis straightforward.Accessto theprimitivePLOT3D fields
is providedby fivemethods:

FEL_float_field_ptr get_density_field();
FEL_vector3f_field_ptr get_momentum_field();
FEL_float_field_ptr get_energy_field();

FEL_plot3d_density_momentum_field_pt r
get_density_momentum_field();

FEL_plot3d_q_field_ptr get_q_field();
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Thefirst threemethodsreturnfieldsrepresentingthemomentumvariableandtwo ther-
modynamicstatevariableswhich make up the PLOT3D solutionoutput. The latter
two methodsreturn“conglomerate”fields,thelastonecontainingtheentirePLOT3D
solutionvector.

PLOT3D derivedfieldsareobtainedvia two functions:

FEL_float_field_ptr make_float_field(FEL_float_field_e num);
FEL_vector3f_field_ptr

make_vector3f_field(FEL_vector3f_fie ld_en um);

Thesefunctionstakeasingleargumentindicatingthedesiredfield andthey returna
pointerto a field of theappropriatetype.Theenums representingthesupportedfields
areshown in Table24.1. The identity of the fields producedby the variousenums
shouldbeevidentfrom their names;precisedefinitionscanbefoundin [WBPE92]or
in the FEL codeitself (in the file FEL plot3d map functions.C ). The enums
correspondexactly to theoriginal PLOT3D “function numbers”([WBPE92]), soyou
canusethosedirectly if you prefer. If you needa derivedfield which isn’t predefined,
you can always createone usingsomecombinationof the primitive and predefined
fields— seeChapter19.

FEL density = 100 FEL normalized density = 101
FEL stagnation density = 102 FEL normalized stagnation density = 103
FEL pressure = 110 FEL normalized pressure = 111
FEL stagnation pressure = 112 FEL normalized stagnation pressure = 113
FEL pressure coefficient = 114 FEL stagnation pressure coefficient = 115
FEL pitot pressure = 116 FEL pitot pressure ratio = 117
FEL dynamic pressure = 118 FEL temperature = 120
FEL normalized temperature = 121 FEL stagnation temperature = 122
FEL normalized stagnation temperature = 123 FEL enthalpy = 130
FEL normalized enthalpy = 131 FEL stagnation enthalpy = 132
FEL normalized stagnation enthalpy = 133 FEL internal energy = 140
FEL normalized internal energy = 141 FEL stagnation energy = 142
FEL normalized stagnation energy = 143 FEL kinetic energy = 144
FEL normalized kinetic energy = 145 FEL u velocity = 150
FEL v velocity = 151 FEL w velocity = 152
FEL velocity magnitude = 153 FEL mach number = 154
FEL speed of sound = 155 FEL cross flow velocity = 156
FEL divergence of velocity = 158 FEL x momentum = 160
FEL y momentum = 161 FEL z momentum = 162
FEL energy = 163 FEL entropy = 170
FEL entropy s1 = 171 FEL x component of vorticity = 180
FEL y component of vorticity = 181 FEL z component of vorticity = 182
FEL vorticity magnitude = 183 FEL swirl = 184
FEL velocity cross vorticity magnitude = 185 FEL helicity = 186
FEL pressure gradient magnitude = 192 FEL density gradient magnitude = 193
FEL shock = 400 FEL filtered shock = 401

FEL velocity = 200 FEL vorticity = 201
FEL momentum = 202 FEL perturbation velocity = 203
FEL velocity cross vorticity = 204 FEL pressure gradient = 210
FEL density gradient = 211

Table24.1:Scalar(abovetheline) andvector(below theline) derivedfieldspredefined
in PLOT3D [WBPE92] andsupportedby FEL plot3d field . TheFEL enums are
given,alongwith thePLOT3D “function number”.
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All the derived fields created by the FEL plot3d field are of type
FEL map then interpolate derived field*() . Any requireddifferential
operatorfieldsaresecond-orderif theFEL plot3d field ’smeshis structured,and
first-orderif the meshis unstructured.Futureversionsof the FEL plot3d field
managermay permit the client to specify the typesof derived fields anddifferential
operatorfieldsto beusedin theconstructionof anindividualfield.

24.3 How the field managerworks

The PLOT3D field managerworks by reading core or pagedfields and return-
ing derived fields from theseunderlying fields. When it createsa core or paged
field, it saves a pointer to it and when possible reusesthe field for later de-
rived fields. For example,if you call make float field(FEL pressure) and
make float field(FEL temperature) , they will sharetheunderlyingQ field.

This sharingof multiple derivedfieldsonly happenswhenthethesamefield man-
agerobjectis usedto createall of thederivedfields.An applicationthatcreatesafield
managerobject,createsa derivedfield, destroys thefield manager, andthencreatesa
new field manageranda secondderivedfield will readthesolutiontwice.

Memoryusagewith thefield manageris notalwaysoptimalwhenthefield manager
is usingPLOT3D solutionfiles. Whenafield manageris givenaPLOT3D solutionfile,
in mostcasesit readstheentirefile andcreatesa Q field whenthefirst derivedfield is
requested.This is not efficient if only part of the solutionfield is used,which would
happenif make float field(FEL density) is called. However, readingall of
thedataallowsmultiplederivedfieldsto sharethesolutiondatawhenthederivedfields
needdifferentbut overlappingportionsof thesolutionfile.

The primitive PLOT3D field functions(the get * field functions)for steady
andtime-varyingfield managersoperatedifferently. Eachreadsa portionof thesolu-
tion thefirst time it is called. If all file primitive field functionsarecalled,thedensity
andenergy solutiondatawill bereadtwice,andthemomentumdatawill bereadthree
times.

If you first create a primitive PLOT3D field and then create a derived
field, the field manager may use the primitive field instead of first creat-
ing a Q field. For example, if get density momentum field and then
make vector3f field(FEL velocity) are called, the velocity field will be
derived from the density-momentumfield createdin the first call. If the density-
momentumfield hadnot existed,the velocity field would be derived from a Q field.
Thisbehavior dependson which primitivePLOT3D fieldsareneededfor eachderived
field. Seethesourcefile FEL plot3d field.C for details.

Memory usagewith pagedfiles is not an issue.The pagingcodeinsuresthat the
dataneededis readand storedonly once, even if it is usedfor multiple primitive
PLOT3D andderivedfields.Memoryusageis alsonotanissuewhenthefield manager
is givenaPLOT3D Q field. In thiscase,theprimitiveandderivedfield functionsreturn
fieldsderivedfrom theQ field handedto thefield managerconstructor.
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24.4 MiscellaneousFEL plot3d field methods

FEL plot3d field providesa get mesh() anda genericset() methodasa
convenience.Thiscode:

FEL_plot3d_field_ptr plot3d_manager;
...
FEL_mesh_ptr mesh = plot3d_manager->get_mesh();

returnsthe meshassociatedwith plot3d manager . This meshis associatedwith
any of thefieldscreatedby plot3d manager .

FEL_plot3d_field::
set(const FEL_set_keyword_enum keyword, int value);

passes the requested options to the mesh and primitive fields of the
FEL plot3d field object. Note that since all fields created by the
FEL plot3d field share the same mesh and primitive fields, the set()
call on a FEL plot3d field object affects all fields which have beencreated,
and even fields which will be created,by the FEL plot3d field . Furthermore,
set() calls on any field createdby the FEL plot3d field will have the same
wide-reachingeffect. At present,this interdependenceof a groupof fields sharinga
commonmeshis a limitation of FEL which will beresolvedin a futurerelease.In the
meantime,beawareof potentiallyunwantedsideeffectsof theset() calls.

24.5 An example

#include "FEL.h"

int main(int argc, char** argv)
{

// mesh file, solution file in argv[1] and argv[2]
FEL_plot3d_field_ptr plot3d_manager =

new FEL_steady_plot3d_field(argv[1], argv[2]);

FEL_float_field_ptr helicity_field =
plot3d_manager->make_float_field( FEL_helici ty);

FEL_vector3f_field_ptr grad_pressure_field =
plot3d_manager->make_vector3f_fie ld(FE L_pre ssure_ gradi ent);

// grad_pressure_field is ready for at_calls, or whatever

return 0;
}
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This examplefirst createsa FEL steady plot3d field usingthe meshandso-
lution files specifiedin thefirst two arguments.It thencreatesa float field containing
helicity anda vectorfield containingthegradientof pressure.

24.6 PLOT3D derived field “conveniencefunctions”

TheFEL plot3d field takescareof file readingandcachingof primitivefieldsby
maintaininginternalstate,but in responseto anincomingFEL float field enum
or FEL vector3f field enum themanagercreatestherequestedderivedfield by
calling oneof a numberof external“conveniencefunctions”. You cancall thesefunc-
tions directly, whetheror not you’ve createdan FEL plot3d field . All of the
functionstakeapointerto anFEL plot3d q field astheironly requiredargument
and,asusual,an optionalcharacterstring name. A few of the functionshave over-
loadedversionswhich acceptpointersto fields comprisinga subsetof the PLOT3D
solutionvector. Thefunctionsreturna pointerto eitheranFEL float field or an
FEL vector3f field . For example:

FEL_plot3d_q_field_ptr q_field;
...
FEL_float_field_ptr sp_field =

FEL_plot3d_make_stagnation_pressur e_fiel d(q_f ield) ;

Althoughthis looksverysimilar to a derivedfield constructorinvocation,this wrapper
functioncallsany requiredconstructorson your behalf,soyoudon’t wanta new after
the“=”.

Tables(24.2 and 24.3) presentthe available PLOT3D derived field convenience
functions. Thesefunctionscorrespondone-to-onewith the FEL enums shown in
Table 24.1, modulo an obvious naming convention. The first column in the table
lists the function. The secondcolumn lists the argumentsacceptedby the func-
tions. Many functions are overloadedso multiple argumentstypes are accepted.
Table 24.4 lists the abbreviations for the argument types. See the headerfile
FEL plot3d derived field.h for moredetails.

The default nameof the createdfield is the nameof the function calledwith the
FEL andmake deleted.For example,FEL plot3d make density field cre-
atesa field with a default nameof FEL plot3d densityfield You canoverridethede-
fault nameby specifyingthenameasthesecondargument(thethird argumentfor the
FEL plot3d make velocity field function that acceptsseparatedensityand
momentumfields).

24.7 PLOT3D derived field inventory arrays

An applicationmaywantto presentall PLOT3D derivedfieldsto auserasaselectable
list. Sincethefieldsarepredefinedandlazily evaluated,they canall becreatedahead
of timewith minimal timeandstorageoverheadand,whenselected,they canbeeasily
conjuredforth without any needfor a complicatedinput routineandinterpreteror the
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Function Name Ar guments

FEL plot3d make density field Q
FEL plot3d make normalized density field Q, D
FEL plot3d make stagnation density field Q
FEL plot3d make normalized stagnation density field Q
FEL plot3d make pressure field Q
FEL plot3d make normalized pressure field Q
FEL plot3d make stagnation pressure field Q
FEL plot3d make normalized stagnation pressure field Q
FEL plot3d make pressure coefficient field Q
FEL plot3d make stagnation pressure coefficient field Q
FEL plot3d make pitot pressure field Q
FEL plot3d make pitot pressure ratio field Q
FEL plot3d make dynamic pressure field Q, DM
FEL plot3d make temperature field Q
FEL plot3d make normalized temperature field Q
FEL plot3d make stagnation temperature field Q
FEL plot3d make normalized stagnation temperature field Q
FEL plot3d make enthalpy field Q
FEL plot3d make normalized enthalpy field Q
FEL plot3d make stagnation enthalpy field Q
FEL plot3d make normalized stagnation enthalpy field Q
FEL plot3d make internal energy field Q
FEL plot3d make normalized internal energy field Q
FEL plot3d make stagnation energy field Q
FEL plot3d make normalized stagnation energy field Q
FEL plot3d make kinetic energy field Q, DM
FEL plot3d make normalized kinetic energy field Q, DM
FEL plot3d make u velocity field Q, DM
FEL plot3d make v velocity field Q, DM
FEL plot3d make w velocity field Q, DM
FEL plot3d make velocity magnitude field Q, DM
FEL plot3d make mach number field Q
FEL plot3d make speed of sound field Q
FEL plot3d make cross flow velocity field Q, DM
FEL plot3d make divergence of velocity field Q, DM
FEL plot3d make x momentum field Q, M
FEL plot3d make y momentum field Q, M
FEL plot3d make z momentum field Q, M
FEL plot3d make energy field Q
FEL plot3d make entropy field Q
FEL plot3d make entropy s1 field Q
FEL plot3d make x component of vorticity field Q, DM
FEL plot3d make y component of vorticity field Q, DM
FEL plot3d make z component of vorticity field Q, DM
FEL plot3d make vorticity magnitude field Q, DM
FEL plot3d make swirl field Q, DM
FEL plot3d make velocity cross vorticity magnitude field Q, DM
FEL plot3d make helicity field Q, DM, V
FEL plot3d make pressure gradient magnitude field Q
FEL plot3d make density gradient magnitude field Q, D

Table24.2:Derivedfield conveniencefunctionsthatreturnfloat fields.
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Function Name Ar guments

FEL plot3d make velocity field Q, DM, D+M
FEL plot3d make vorticity field Q, DM
FEL plot3d make momentum field Q
FEL plot3d make perturbation velocity field Q, DM
FEL plot3d make velocity cross vorticity field Q, DM
FEL plot3d make pressure gradient field Q
FEL plot3d make density gradient field Q, D

Table24.3:Derivedfield conveniencefunctionsthatreturnvectorfields.

Abbreviation Ar gument Description

D Densityfield
DM Density-momentumfield
D+M Two separatearguments:adensityfield anda

momentumfield
M Momentumfield
Q Q field
V Velocityfield

Table24.4:Abbreviationkey for thederivedfield functiontables.

like. As anaid for this kind of usage,FEL providestwo arrayscontainingall theFEL
PLOT3D enums— onewith all thefloatfield enums andonewith all thevectorfield
enums. A sentinel(“0”) markstheendof eacharray.

The“inventoryarrays”arefoundin FEL plot3d field.h :

FEL_float_field_enum FEL_plot3d_float_fields[];
FEL_vector3f_field_enum FEL_plot3d_vector3f_fields[];

By traversing thesearrays,one can sequentiallyconstructall PLOT3D derived
fieldsand,by calling get name() on eachfield, onecanaccumulatea list of canon-
ical field namesto be presentedto the user. If you are listing the names,the field
managershouldbe createdusing a FEL plot3d q field insteadof actualfiles.
If you useactualfiles, the namesmay vary from the canonicalplot3d xxx field
form. Hereis a shortdemonstrationshowing how to list all the derived scalarfields
usingFEL plot3d float fields[] :

#include "FEL.h"

char** get_derived_float_names(int* nsfields)
{

// make dummy field manager using dummy mesh and field
FEL_mesh_ptr mesh = new FEL_regular_mesh(4, 4, 4);
FEL_plot3d_q_field_ptr q_field =

new FEL_constant_field<FEL_plot3d_q>(mes h, FEL_plot3d_q());
FEL_solution_globals sg;
sg.set_alpha(0); sg.set_free_stream_mach(0);
sg.set_time(0); sg.set_reynolds_number(0);
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q_field->set_solution_globals(sg) ;
FEL_plot3d_field_ptr plot3d_field =

new FEL_q_plot3d_field(q_field);
assert(plot3d_field!=NULL);

*nsfields = 0;
// no sizeof on unspecified dim array
while (FEL_plot3d_float_fields[(*nsfields)+ +] != 0);
--(*nsfields);
FEL_float_field_ptr* scalar_fields =

new FEL_float_field_ptr[*nsfields];
char** scalar_names = new char*[*nsfields];
for (int i=0; i<*nsfields; ++i) {

FEL_float_field_ptr f =
plot3d_field->make_float_field

(FEL_plot3d_float_fields[i]);
assert(f!=NULL);
const char* n = f->get_name();
scalar_names[i] = strcpy(new char[strlen(n)+1], n);
f=NULL;

}

// make names without "plot3d", "field", and "_"
char t[256];
char* s;
for (i=0;i<*nsfields;++i) {

t[0]=’\0’;
for (s=scalar_names[i];(s=strtok(s,"_"))! =NULL; s=NULL)

if ( strcmp(s,"plot3d") && strcmp(s,"field") ) {
strcat(t,s);
strcat(t," ");

}
t[strlen(t)-1] = ’\0’;
// t can’t be longer than original
strcpy(scalar_names[i],t);

}
return scalar_names;

}

int main()
{

int nsfields;
char** scalar_names =

get_derived_float_names(&nsfields);
cout << nsfields <<

" scalar fields ready and waiting in scalar_fields[]"
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<< endl;
for (int i=0;i<nsfields;++i)

cout << scalar_names[i] << endl;
return 0;

}
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Chapter 25

Time-Varying Fields

Fieldsthat vary with time, alsoknown asunsteadyfields, areoften representedby a
seriesof time steps,whereeachtime steprepresentsthefield at someinstantin time.
The time stepsmay or may not be at fixed intervals during a simulation,thoughin
many casesa fixed interval is used. FEL representsunsteadyfields via the classes
FEL time series field andFEL fixed interval time series field .
Theinterfacefor time-seriesfieldsinheritsfrom thestandardfield interfacedefinedin
FEL field andFEL typed field . Justaswith steadyfields,onecanmake“at ”
calls to requestdatausingan FEL phys pos , FEL cell , FEL vertex cell or
FEL structured pos argument. All the argumenttypescontainan FEL time
datamember. For steadydata,the time is ignored; for unsteadydata,it is essential
that time be specified.Given an argumentcontaininga time value,time-seriesfields
producefield valuesby accessingdatafrom the appropriatetime step. If necessary,
time-seriesfieldscanalsodo temporalinterpolation(describedlaterin this chapter)to
producevaluesata time intermediateto thetimesteps.

In general,a time-varyingfield with nodetypeT canbeusedanywherea field of
nodetype T canbe used;for instance,onecanbuild derived fields on top of an un-
steadyfield. Therearea few caseswhere,dueto precomputationor caching,unsteady
fields are not interchangeablewith steadyfields. Recall that the memberfunction
get eager field providesawayfor theuserto getanew field whereeverynodeis
eagerlyevaluated.With a time-varyingfield, get eager field essentiallyreturns
a snapshotin time, i.e., a steadyfield. Thusif onewantsto call get eager field ,
thenthefinal argument,specifyinga time value,is no longeroptional. It is a run-time
errorif onecallsget eager field on anunsteadyfield withoutproviding a time.

A secondcase where unsteadyfields require special treatmentoccurs when
working with the FEL caching fields. The fields FEL cached field and
FEL hash cached field provideanoptionfor userswho wantthecomputational
frugality of cachingresults,without having to pay the costsof eagerlyprecomputing
valuesover a whole field. Unfortunately, the FEL cachingfields arenot designedto
work with time-varying fields; cachingfields ignoretime. Thus,with cachingfields
asthey arecurrentlyimplemented,a cachedtime-varyingfield would result in better
performance,but in generalwrong answers.To prevent what could be an insidious
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problem,thecachedfield constructorscheckthetypeof field they arecaching(at run-
time)andfail if theargumentis not steady.

FEL currentlysupportstime-seriesdatawherethereis a fixed interval in time be-
tweeneachtime step.The library is designedso thataddingsupportfor datathatare
not temporallyspacedat fixed intervalsshouldnot be too difficult in the future. The
library supportsboth time-varyingfieldsandtime-varyingmeshes.The time-varying
meshsupportis describedin the next chapter. The topologyof the meshis currently
requiredto beconstantovertime,in otherwords,meshes(andthefieldsbasedonthose
meshes)thatadaptover time arenot currentlysupported.

An individual time stepin an unsteadydatasetmay be very large, the setof all
the time stepsmay be hundredsof timeslarger. For many datasetsit is not feasible
to load every time stepinto memory. FEL time-seriesfields supportthe automated
managementof asubsetof thetimestepsin memoryusingaworkingset.We describe
theFEL time series field working setcontrolinterfacenext.

25.1 Working setsand callbacks

The FEL time series field classmanagesa working setof field objects,each
objectcorrespondingto a time step.Whentheuserrequestsdataat somepoint within
thefield representedby theFEL time series field instance,thetime-seriesfield
mustcheckto seeif the necessarytime stepsarecurrentlyin the working set. If so,
thenthetime-seriesfield requestsdatafrom thetimesteps,doestemporalinterpolation
if necessary, andproducesthe result. If a neededtime stepis not in the working set,
andthe working setis not full, thenthe time stepis acquiredusingtheuser-provided
callbackfunction. Thecallbackfunctionis describedbelow. If theworking setis full,
thenthefield replacesa time stepusinga leastrecentlyusedpolicy to choosethefield
to bereplaced.

For most users,the working set managementis completelyautomatic,in other
wordsthereis noneedfor theuserto manuallyloadandunloaddata.For thosewhodo
wantto directlycontrolwhich timestepsareloaded,theFEL time series field
classprovidesan interfacewhereonecandictatethe working setsizeandcontents.
Theworkingsetmanagementmemberfunctionsare:

void set_working_set_size(int n);
bool load(int time_step);
bool load_all();
void unload(int time_step);
void unload_all();
void unload_least_recently_used();
void set_verbose(bool);
void show_working_set(ostream& s);

The function set working set size allows the user to control the size of the
working setusedby the field. The default working setsizeis 5. The function load
allows theuserto make thefield loada particulartime step.Thefunction load all
resizesthe working set to the total numberof time stepsand loadseachone. The
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load all function is handywhenanapplicationcanafford to loadevery time step.
The unload functionsarerelatively self-explanatory. The set verbose function
canbeusedto makethefield outputupdateswhentimestepsareloadedandunloaded.
Watchingtheoutputfrom verbosemodecanbeeducationalfor thosenot familiarwith
theuseof working sets.

Usersworking with applicationsthat are multi-threadedneedto be careful with
time-seriesfields as they are currently implemented. The routinesthat managethe
workingsetdonothavecritical sectionprotection.Thismeansthat,if multiple threads
make accessesthat causethe working set to change,then thereis a chancethat the
working setdatastructurewill becomeinconsistent.To avoid this problemthe user
shouldensurethattheworking setdoesnot changewhile in multi-threadedcode.The
simplestway to ensurenochangeis to loadall thetimestepsinitially. The load all
call is handyfor thispurpose.If loadingall thetimestepsis notanoption,thentheuser
mustmakesurethatworking setchangesoccuronly in single-threadmode.Providing
critical sectionprotectionfor the working setis on the list of future enhancementsto
FEL.

FEL time series field relieson a callbackfunctionprovidedby theuserat
field constructiontimeto producethefield correspondingto aparticulartimestepwhen
needed.For example,acallbackreturningadensityfield might look like:

unsigned flags = FEL_PLOT3D_3D_WHOLE;
const char* file_names[] = {"file1", "file2", "file3", "file4"};

FEL_float_field_ptr my_callback(FEL_mesh_ptr m, int time_step,
void*)

{
return FEL_read_density(m, file_names[time_step], flags);

}

The callbackfunction takesthreearguments:the meshm that the returnfield should
bebasedon, a time step,anda void* pointerto “client data”, i.e., dataprovidedby
theuserwhenthetime-seriesfield is constructedthatgetshandedbackto thecallback
function. The client data,for instance,could be a pointerto a structurethat contains
parameterssuchasthefile namesandfile readerflags,parametersthatareglobalsin
theexampleabove. The callbackshouldreturnthefield for the giventime step. The
callbackcanreturnNULL to indicatesometypeof failure, if a file couldnot beread,
for example.

Callbacksgive the usera greatdealof flexibility in complyingwith requestsfor
time stepdata. For example,the callbackcould constructandreturna derivedfield.
Anotherpossibility would be for the callbackto constructa new FEL core field
usingabuffer alreadyin memory, suchasthebuffer usedby a simulation.Yet another
possibilitywouldbefor thecallbackto constructsometypeof analyticfield thatcould
beusedfor testing.
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25.2 Time representationsand conversions

The objectsin FEL, suchasFEL phys pos , that containa time valueusethe type
FEL time . FEL time , asdescribedin Chapter4, canrepresentthreetypesof time:
physical,computationalor integercomputational(time step).Usually it is not neces-
saryto convert from onerepresentationto another, sincetheusercanchooseto work
in any of the threerepresentations.If the userdoesneedto convert, thenthe library
providesthefunction:

int convert_time(const FEL_time& from,
FEL_time_representation_enum to_representation,
FEL_time* to) const;

Theroutineconvertsfrom from to to , giventhedesiredto representation .

25.3 Temporal interpolation

Given a time valuethat doesfall on a time step,time-seriesfields do temporalinter-
polation. FEL currentlysupportslinear interpolationbetweenthe pair of time steps
bracketing a particulartime. No temporalinterpolationwill take placeif the useris
working in the integer time steprepresentation.Temporalinterpolationis alsosup-
pressedif working in physicalor computationaltime, anda giventime valueimplies
no fractionalpartbetweentimesteps.

In thecasewherebothtemporalandspatialinterpolationarenecessary, for instance,
to producea field valueat a physicalpositionin anunsteadyfield, temporalinterpola-
tion occursfirst. For instance,considera hexahedralstructuredmeshwith simplicial
decompositionturnedoff. Givenanat phys pos call with apoint ¸ , FEL will locate
thehexahedroncontaininģ , temporallyinterpolateto get thefield valuesat the time
specifiedin ¸ andthenspatiallyinterpolateto getthefinal result.

25.4 A time-varying field example

To illustratethe constructionanduseof a time-varying field, we presenta small ex-
ample. The callbackandglobalsusedfor this examplearethe sameasusedfor the
exampleabove (my callback ). Seealsothe exampleprogramincludedaspart of
theFEL primer: primer 13a.C .

#include "FEL.h"
int n_time_steps = 4;
float physical_time_0 = 12000.0;
float physical_fixed_interval = 1.0;

int main()
{

int res;
flags = FEL_deduce_mesh_type(argv[1]);
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FEL_mesh_ptr mesh = FEL_read_mesh(argv[1], flags);
assert(mesh != NULL);
FEL_float_field_ptr field =

new FEL_fixed_interval_time_series_flo at_fi eld(
mesh,
n_time_steps,
my_callback,
NULL,
physical_time_0,
physical_fixed_interval);

// find an arbitrary physical point inside mesh
FEL_cell cell;
FEL_phys_pos phys_pos;
res = mesh->int_to_cell(mesh->card(3) / 2,

3, &cell);
assert(res == 1);
res = mesh->centroid_of_cell(cell, &phys_pos);
assert(res == 1);

phys_pos.set_physical_time(physica l_time _0);
float f;
int res = field->at_phys_pos(phys_pos, &f);
assert(res == 1);

}

The mapping betweenphysical time and time stepsis specifiedby the physi-
cal time 0 andphysical fixed interval argumentsto thefield constructor.
For a timestep¹ , thecorrespondingphysicaltime ¸ would be:¸lº physical time 0 »5¹}¼ physical fixed interval ½
When the user works in physical time, FEL time series field solves for
(floating-point)computationaltime ¹ usingthe sameequation. If ¹ hasno fractional
part,thentemporalinterpolationcanbeavoided. If ¹ doeshave a fractionalpart, then
thebracketingtime stepsareequalto thefloor andceiling of ¹ .
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Chapter 26

Time-Varying Meshes

It is not difficult to imagineunsteadydatasetswherenot only thefield valueschange
with time but alsothemeshgeometry. For instance,thesimulationof a helicopteror
windmill typically involvesrotatingblades,andoftentherearemeshesthatmovewith
the blades.FEL currentlysupportstime-varyingmeshesusingthe time-varyingfield
mechanismdescribedin the previous chapter. The time-varying supportis currently
limited to curvilinearmeshes.Oncethe time-varying meshis constructed,it canbe
usedjust asany othermesh.As with time-varyingfields,thebiggestdifferencewhen
usinganunsteadymeshis thattheargumentsto meshcalls(e.g.,theFEL cell passed
to coordinates at cell ) musthave their timevalueset.

Unfortunately, to constructa time-varyingmesh,onemustfollow a somewhatcir-
cuitousroute. A curvilinear meshcan be madeto be unsteadyby constructingthe
meshwith a time-seriesfield. The field hasnodetype FEL vector3f and int ,
wherethe vectorpart representscoordinates,andthe int part representsan IBLANK
value. A curvilinearmeshconstructedwith a FEL vector3f and int field con-
sultsthefield whenevercoordinatesor IBLANK dataareneeded.If thefield provided
at meshconstructiontime is a time-varyingfield, thenpresto,onehasa time-varying
mesh.

In thefollowing sectionswe walk throughtheconstructionof anunsteady(single-
zone)curvilinearmeshanddiscusswhatwouldneedto bedonein themulti-zonecase.
Building time-varyingmeshesis currentlyoneof themorechallengingthingsthatone
cando in FEL, andthereaderis warnedthatmorethanonepassover this chaptermay
benecessaryin orderfor everythingto make sense.In thefutureour plan is to factor
out thetime-seriesmechanismfrom thetime-seriesfield class,sothatit canbeusedfor
bothmeshesandfields,without someof thegymnasticsdescribedbelow. In themean
time,wehopethatthefollowing exampleis illuminating.

In theexamplewe omit theconstructionof thesolutionfield. Typically a dataset
with anunsteadymeshalsohasunsteadysolutiondata.Seethepreviouschapterfor the
detailson building time-varying fields. Seealsothe programprimer 13b.C from
theFEL primerfor anexamplewherea time-varyingmeshis constructed.
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26.1 Single-zonetime-varying meshes

To constructanunsteadycurvilinearmesh,follow thesesteps:
1. Assumea few globals,e.g.:

const int n_time_steps = 5;
const char* mesh_names[n_time_steps] =

{"m0", "m1", "m2", "m3", "m4"};
unsigned file_reader_flags;
const float physical_time_0 = 0.0;
const float physical_fixed_interval = 1.0;

2. Provide a callbackto be usedby the FEL vector3f and int field, wherewe
useanadapterto makeameshbehave like afield, e.g.:

FEL_vector3f_and_int_field_ptr
my_mesh_callback(FEL_mesh_ptr, int time_step, void*) {

FEL_mesh_ptr mesh;
mesh = FEL_read_mesh(mesh_names[time_step ], file_reader_flags);
if (mesh == NULL) return NULL;
return new FEL_mesh_as_vector3f_and_int_field(m esh);

}

3. Determinethestructureddimensionsof themesh,e.g.:

int res;
FEL_mesh_ptr mesh;
char* mesh_name = "my_mesh";
file_reader_flags = FEL_deduce_mesh_type(mesh_name);
assert(file_reader_flags != 0);
FEL_vector3i dim;
res = FEL_read_mesh_zone_dimensions(mesh_na me,

file_reader_flags, 0, &dim);

4. Build a structuredmesh:

mesh = new FEL_structured_mesh(dim[0], dim[1], dim[2]);

5. Build a time-seriesfield for thecoordinatesandIBLANK, e.g.:

FEL_vector3f_and_int_field_ptr xyzi_field =
new FEL_fixed_interval_time_series_vector 3f_and _int_ field(

mesh,
n_time_steps,
my_mesh_callback,
NULL,
physical_time_0,
physical_fixed_interval);

6. Build theunsteadycurvilinearmesh,e.g.:



26.2. MULTI-ZONE TIME-VARYING MESHES 157

mesh =
new FEL_curvilinear_mesh_xyzi_field_layo ut(di m[0], dim[1],

dim[2], xyzi_field);

26.2 Multi-zone time-varying meshes

To constructanFEL multi mesh, oneshouldfollow thesamepatternasabove,once
for eachzone.If theusercallbackreadsdatafrom amulti-zonemeshfile, thentypically
thecallbackshouldjust readdatafor a particularzone. If only somezonesvary with
timethenatime-seriesmechanismneedonly bebuilt for thosezones.Thus,if anappli-
cationhassomeinformationaboutwhich zonesaresteadyandwhich arenot, thereis
anopportunityfor optimization.By notbuilding time-varyingobjectsfor steadyzones,
anapplicationshouldgetbetterperformance,sinceunnecessarytemporalinterpolation
andtimesteploadingwill beavoided.Thereshouldalsobememorysavings,sincethe
meshfor a particularzonewill only occuroncein memory. For meshesthat contain
PLOT3D IBLANK information,oneshouldbe surethat if a zoneis assumedto be
steady, thentheIBLANK andcoordinatedatabothshouldnot vary with time.
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Appendix A

Glossary

abstract class An abstract classdefinesinterfaceandimplementationwhich are in-
heritedby derivedclasses.Abstractclassesin C++ cannotbe instantiated.See
alsoconcreteclass.

abstract factory Seefactory.

adapter An adapterprovidesanalternateinterfacefor a class.For example,in FEL
the classFEL mesh as field<T> servesasan adapterthat providesa field
interfacefor a meshobject.

adjacentcells Given ¾ -complex ¿ , by conventionthereexistsone(null) À�¾J»RÁcÂ -cell
of whichevery ¾ -cell of ¿ is a face;likewisethereexistsone(null) À�¾nÃ�ÁcÂ -cell
which is the faceof every vertex. Distinct Ä -cells Å and Æ (for ÇvÈ�ÄBÈz¾ ) are
thensaidto beadjacentif:

(i) thereexistssome À¶ÄXÃ�Á2Â -cell of ¿ thatis a faceof both Å and Æ , and

(ii) thereexistssome À¶Äg»©Á2Â -cell of whicheachof Å and Æ is a face.

For example,two hexahedraareadjacentif they sharea quadrilateralface.Two
verticesareadjacentif they aretheendpointsof a commonedge.

affine combination Let É�ºËÊ�¸DÌ2Í>½Î½Î½ÏÍy¸�Ð&Ñ bea finite setof pointsin Ò�Ó . A point Ô is
anaffinecombinationof É if: Ô�º ÐÕ ÖÎ× Ì¤Ø Ö ¸ Ö Í
where Ù ÐÖÏ× Ì Ø Ö º(Á . Seealsolinearcombination.

affinely independent A finite set É of Ä pointsis affinelyindependentif thereis nota
point ¸ Ö�Ú É suchthat ¸ Ö is anaffinecombinationof ÉRÃ�Ê�¸ Ö Ñ .

block A block is analternatenamefor zone.
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Cartesian grid A Cartesiangrid is a grid wherethe cells arealignedwith the coor-
dinateaxes. The grid looks similar to the output from a quad-treeor oct-tree
decomposition,thoughCartesiangrids arenot necessarilyoct-trees.The term
”Cartesiangrid” is alsousedby someasa synonym for uniform grid.

cell-centeredfield A cell-centeredfield is afield wherethereis anodeassociatedwith
eachcell in themesh.Typically thecellsarehexahedraor tetrahedra.

CFD ComputationalFluid Dynamics.

cell a Ä -cell of a topologicalspaceÛ is a subspaceof Û whoseinterior is homeomor-
phic to Ò Ð andwhoseboundaryis non-null. Lessformally, typically whenone
speaksof cells in CFD onemeanshexahedraor tetrahedra(i.e., 3-dimensional
cells or 3-cells),thoughtherearealso0-cells (vertices),1-cells(edges)and2-
cells(polygons).

cell complex A cell complex of a topologicalspaceÛ is a finite collection ¿ of cells
of Û suchthat:

(i) therelative interiorsof cellsof ¿ arepairwisedisjoint,

(ii) for eachcell Å Ú ¿ , theboundaryof cell Å is theunionof elementsof ¿ ,

(iii) if Å"Í�Æ Ú ¿ and Å7Ü�ÆMÝºRÞ , then Å7ÜlÆ is theunionof elementsof ¿ .

CGNS CGNS (Complex GeometryNavier Stokes) is a file format currently under
developmentfor storingCFDdata.

Chimera Chimera,acompositemonsterfrom Greekmythology, is usedin CFDwhen
speakingof multi-zonegrids.

Chimera file A Chimera file is anauxiliaryfile to themainmulti-zonegrid description
file. TheChimerafile containsdefinitive informationon how thesolver should
handleregionswherezonesintersect.

class A classis abasicconceptin object-orientedprogramming.A classencapsulates
bothdataandmemberfunctionsfor operatingon thedata.

closure Theclosureof a cell Å in acell complex ¿ consistsof all thefacesof Å .
computational space A computationalspaceis a spacedefinedin termsof a partic-

ular discretizationusedto decomposea physicalspace.Onetypical computa-
tional spacecorrespondsto a hexahedralcurvilinear(structured)meshin physi-
cal space:in computationalspaceeachphysicalspacehexahedroncorresponds
to aunit cube.Eachvertex in suchacomputationalspacecanbeindexedasif in
a 3-dimensionalarray, andtheindicesaretypically labeledß , à , and Ä .

concreteclass A concreteclassis a classthat canbe instantiated.Seealsoabstract
class.

curvilinear mesh A curvilinearmeshis themostgeneralform of structuredmesh.
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demand-drivenevaluation Demand-drivenevaluation is a techniquewherecompu-
tationsaredoneonly whenrequested,ratherthanin advance.

derivedfield A derivedfield is a field definedin termsof oneor moreotherfields.
For example,a velocity derivedfield canbedefinedin termsof momentumand
densityfields.

dynamic binding The run-timeassociationof a requestto an objectandoneof its
operations.In C++,virtual functionsaredynamicallybound.

dynamic casting Dynamiccastingis a new featurein the C++ standarddesignedto
supportsafecastsdown or acrossaninheritancehierarchy. With dynamiccasts,
thesuccessof thecastof apointercanbeverifiedat run-timeby testingwhether
theresultis non-NULL. For example,givenaclassB andaclassDderivedfrom
B:

B* b;
D* d;
b = new D();
d = (D*) b; // C-style cast
d = dynamic_cast<D*> b; // C++ dynamic cast
assert(d != NULL);

The C++ standardonly requiresthat dynamiccastingbe supportedfor classes
with virtual functions. Dynamiccastingis not supportedby someolder C++
compilers.SeealsoRTTI.

eagerevaluation Eager evaluationis theoppositeof lazyevaluation.

edge-centeredfield An edge-centeredfield is a field wherethereis a nodeassociated
with eachedgeof themesh.

Enterprise “Enterprise” is the nameof the file format usedfor working with paged
meshesandfields.SeeChapter23.

exceptions Exceptionsarea new featureof theC++ standarddesignedto supportthe
handlingof exceptionalconditions.Exceptionsarenot supportedby someolder
C++ compilers.

face A cell Å in acollection ¿ is thefaceof acell Æ Ú ¿ if Å canbedefinedin termsof
a subsetof theverticesof Æ . For example,a tetrahedronhastriangle,edge,and
vertex faces.Seealsoproperface.

facet A facet is a face.Typically facetsrefer to 2-cells,suchastrianglesandquadri-
laterals.

face-centeredfield A face-centered field is a field wherea nodeis associatedwith
eachfacein themesh.Typically thefacesreferto 2-cells,suchasquadrilaterals
andtriangles.
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factory A factory encapsulatesthe proceduresrequiredto build varioustypesof ob-
jects. For example, in FEL the classFEL plot3d field encapsulatesthe
stepsrequiredto build eachof the over 50 standardderived fields definedby
PLOT3D.

FAST TheFlow AnalysisSoftwareToolkit is a CFDvisualizationpost-processingap-
plicationdevelopedat NASA AmesResearchCenter.

FEL TheField EncapsulationLibrary.

field A field representsa functionwithin adomainvia afinite setof nodes.Everyfield
hasameshthatcontainsthelocationandorganizationof thenodes.

friend class In C++, a classA canbe declaredto be a friend of anotherclassB, en-
ablingA to have the sameaccessrights to the memberfunctionsanddataof B
instancesasB itself.

generalposition Thedefinitionof general positionis context dependent,i.e., depen-
dentupontheparticularapplication.Typically it is easierto definegeneralpo-
sition in termsof what it is not: a configurationis not in generalpositionif an
infinitesimal perturbationcan changehow the configurationis classified. For
example,4 pointsin Òná arenot in generalpositionif they arecoplanar.

grid The termgrid is usedasa synonym for meshby many. For some,grid implies
structured.Thusmeshis preferredto grid if onewishesto refer to unstructured
objects,or bothstructuredandunstructuredobjects.

has-a relationship A has-arelationshipdenotescontainment.Has-a is interchange-
ablewith is-part-ofor uses-for-implementation. Seealsois-a relationship.

homeomorphic Two spacesarehomeomorphicif they aretopologicallyequivalent.

hybrid mesh A hybridmeshis ameshthatis partiallystructuredandpartiallyunstruc-
tured.SeeFigureA.1.

FigureA.1: An exampleof a hybridmesh.

IBLANK IBLANK is a standardfrom PLOT3D [WBPE92] for associatingextra in-
formationwith eachvertex in amesh,usingoneintegerpervertex. IBLANK val-
uescanbeusedto providehintsaboutoverlappingzonesin multi-zonemeshes,
or to indicatethatthenodevalueassociatedwith avertex is not valid.

incident cells Cells Å and Æ are incident if Å is a properfaceof Æ , or vice versa.For
example, thereare vertices,edges,and quadrilateralsthat are incident with a
hexahedronin amesh.
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instantiation Instantiation is the creationof a new instanceof a given class. With
templatedclassesinstantiationalsoinvolvesthegenerationatcompile-/link-time
of thecodeimpliedby a particularsetof templateparameters.

irr egular mesh Irregular meshis analternatenamefor rectilinearmesh.

is-a relationship An is-arelationshipexpressesarefinementbetweentypesor classes.
In C++ classhierarchies,the relationshipbetweena derived classand a base
classis usually is-a. For example,a curvilinearmeshis-a structuredmesh,and
a structuredmeshis-amesh.Seealsohas-arelationship.

iterator Iterators arean abstractionfor processingitemsone-by-onin a collection.
Meshescanbethoughtof ascollectionsof cells,andFEL providesiteratorsfor
themeshclasses.

Jacobianmatrix A Jacobianmatrix isusedtodotransformationsfrom onecoordinate
spaceto another. For example,to do transformationsbetweencomputational
spaceandphysicalspaceonecanusetheJacobianmatrix â :

â<ºäã=åÔã åæ º
çèèèèèéëêcìê>í êcìêcî êcìêcïêcðê>í êcðêcî êcðêcïêcñêWí êcñêcî êcñêcï

ò>óóóóóô
where Ô , õ , and ö referto physicalcoordinatesand

æ
, ÷ , and ø (xi, etaandzeta)

referto computationalcoordinates.

Onetypicaluseof theJacobianmatrix is to convertpartialderivativescomputed
with respectto computationalspaceinto physicalspacederivatives.For instance,
to computethephysicalspacespatialgradientatapoint in ascalarfield, onecan
computepartialderivativesin computationalspaceandthenconvert to physical
spaceusingthefollowing equation,basedon thechainrule for derivatives:

ãDùã=åÔ º<ãDùã åæ ã åæã=åÔ ºûú ê2üêWí ê2üêWî êcüêcï ý çèèèèèé êcìê>í êcìêcî êcìêcïêcðê>í êcðêcî êcðêcïêcñê>í êcñêcî êcñêcï
ò>óóóóóô
þ Ì

Thepartial termswith respectto computationalspacearerelatively easyto ap-
proximateusingfinite differencingtechniques.

lazy evaluation Lazyevaluationis a synonym for demand-drivenevaluation.

linear combination Let É�º�Ê�¸ Ì ÍW½Ï½Î½ÎÍ$¸ Ð Ñ bea finite setof pointsin ÒlÓ . A point Ô is
a linear combinationof É if: Ô�º ÐÕ ÖÎ× Ì¤Ø Ö ¸ Ö ½
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Seealsoaffinecombination.

member function A memberfunctionis a functiondefinedaspartof a class.

mesh A meshis a collectionof verticesand informationaboutthe connectivity be-
tweenthevertices.Basedon the connectivity onecanalsodefinecells, for ex-
ample,hexahedralcellsin astructuredmesh.

method Methodis analternatenamefor memberfunction.

metrics Thetermsin theinverseof aJacobianmatrixareknown asmetrics.

node A nodeis a point in thedomainwherethesolutionis calculated.

overloading An operationis overloadedif thecodethatis executedis dependentupon
thetypeof thearguments.For example,C supportsalimited kind of overloading
for operatorssuchas“+”, sincethecompilerautomaticallygeneratestheappro-
priate machineinstructions,suchas for fixed-pointor floating-pointaddition,
basedon the argumenttypes. C++ supportsthe samebuilt-in overloading,as
well asa muchmoregeneralsystemfor user-definedoverloadingof operators
andfunctions.

Thechoiceof which versionof anoverloadedfunctionto usein C++ is madeat
compile-time,in contrastto dynamically-boundfunctions,wherethe choiceis
madeat run-time.Seevirtual functionandpolymorphism.

oversetgrids An oversetgrid is agrid wheretherearemultiple,overlappingzones.

periodic mesh In aperiodicmeshonetakesadvantageof thesymmetryor periodicity
of the computationaldomainin order to usea meshthat covers only part of
thedomain.For example,in a turbomachinerysimulationwherethereis radial
symmetry, onemayusea meshthatcoversonly a pie-shapedwedgewithin the
domain.

parameterizedtypes A parameterizedtype is a type wheresomeof the constituent
typesarespecifiedwith parameters.For example,a list datastructuremay be
parameterizedby thetypeof valuecontainedby eachelementin thelist. Param-
eterizedtypesaresupportedin C++ via templates.

physical space Physicalspaceis the spacethat correspondsto the “real world” do-
main, suchas the region surroundingan aircraft, whereonewishesto model
phenomenasuchasflow. Seealsocomputationalspace.

placementnew Placementnew is a specialversionof the C++ operator new where
theuserexplicitly specifiesthememoryto beusedfor anobject.

polymorphism Polymorphismis theability to substituteobjectsof matchinginterface
for oneanotheratrun-time.In C++aclassispolymorphicif it declaresor inherits
a virtual function.
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PLOT3D PLOT3D wasoriginally aCFDvisualizationpostprocessingtool developed
by PieterBuningof NASA AmesResearchCenter. PLOT3D liveson primarily
in someof thestandardsit definedsuchasthosefor file formatsandIBLANKs.

proper face A cell Å is aproperfaceof a cell Æ if Å is a faceof Æ and Å/ÝºUÆ .

purevirtual function A purevirtual functionof aclassA is amemberfunctionthatis
requiredto bedefinedby subclassesof A. A classthathasapurevirtual function
is anabstractclass.

rectilinear mesh A rectilinearmeshis a structuredmeshwherethecellsarealigned
with the coordinateaxes,but the spacingbetweenadjacentverticescanbe ir-
regular. Rectilinearmeshesarealsoknown asirregularmeshesor non-uniform
meshes.SeeFigureA.2.

referencecounting Referencecounting is a techniquefor trackinghow many other
objectsareusing(havea referenceto) a particularobject.Referencecountingis
typically partof amemorymanagementstrategy whereobjectsareautomatically
deallocated(garbagecollected)whentheir countgoesto 0. Referencecounting
is alsoknown as“usecounting”.

regular mesh A regular meshis a structuredmeshwherethe cells arealignedwith
the coordinateaxesandthe spacingbetweenadjacentverticesis equalin each
dimension.SeeFigureA.2. In someof theliteraturearegularmeshis considered
to beauniformmesh.

RTTI Run-Time TypeIdentificationis a new capabilitydefinedin the C++ standard
allowing theuserto queryanobjectaboutits type. RTTI is requiredto besup-
portedonly for classeswhich have virtual functions. RTTI is not supportedby
someolderC++ compilers.Somenew C++ features,suchasdynamiccasting,
dependupontheavailability of RTTI.

signature An operation’s signature is definedby its name,parameters,and return
value.

simplex A k-simplex is the convex hull of k + 1 affinely independentpoints. A 0-
simplex is a vertex, a 1-simplex is an edge,a 2-simplex is a triangleanda 3-
simplex is a tetrahedron.

simplicial decomposition Simplicial decompositionis the subdivision of meshcells
into simplices. For example,hexahedrawould be subdivided into tetrahedra,
andquadrilateralswould besubdividedinto triangles.

specialization In C++ templatedfunctions,a specializationis an implementationfor
a specifictemplatetype that overridesthe genericimplementationprovidedby
thetemplate.

star The star of a cell Å in a cell complex ¿ is the subsetof ¿ consistingof all the
cellsof which Å is a face.
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steady A steadymeshor field is onethatdoesnotchangeovertime. Seealsounsteady.

STL TheStandard TemplateLibrary is a library of C++ templatedclassessupporting
containerdatastructures,suchassets.

structur edmesh In astructuredmeshtheverticesandcellsareorganizedin a regular
pattern. In oneof the mosttypical typesof structuredmeshes,the verticescan
be addressedas if they were in a multi-dimensionalarray. In 3-d, all the 3-
dimensionalcellsarehexahedral.Structuredmeshescanbefurtherclassifiedas
uniform,regular, rectilinearandcurvilinear. SeeFigureA.2.

Uniform Regular Rectilinear Curvilinear

FigureA.2: FEL structuredmeshtypes.

templates TemplatesareC++’ssupportfor parameterizedtypes.

uniform mesh A uniform mesh is a structuredmesh where the cells are aligned
with the coordinateaxesandthe spacingbetweenadjacentverticesis uniform
throughout.SeeFigureA.2.

unsteady An unsteadymeshor field is onethatchangesover time. Seealsosteady.

unstructur edmesh An unstructuredmeshin 3-dconsistsof polyhedralcells,with no
implicit connectivity. Thecellsarenot necessarilyall tetrahedra,thoughthis is
oneof themostcommonunstructuredtypes.SeeFigureA.3.

FigureA.3: An unstructuredmesh.

usecounting Seereferencecounting.

vertex-centeredfield A vertex-centeredfield is afield whereanodeis associatedwith
eachvertex in the mesh.The standardfile formatsdefinedby PLOT3D areall
for vertex-centeredfields.
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virtual function A virtual function is a memberfunctionwheretheparticularimple-
mentationis selectedat run-time,basedon the typeof theobjectfor which the
operationis called.C++ supportspolymorphismvia virtual functions.

working set A workingsetis asubsetof amuchlargerset,wheremaintainingasubset
improvesperformancein somerespect.For instance,the cachingdonein the
memoryhierarchiesusedby mostmicroprocessor-basedsystemscanbethought
of asa performanceimprovementstrategy basedon workingsets.

zone A zonerefersto a particularsubmeshin a multi-mesh.
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